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ABSTRACT 
 
The neural connections between the vestibular, visual, proprioceptive and voluntary inputs 
are essential for the control of neck posture and movements.  One mechanism how this is 
achieved is by vestibulo-spinal reflexes, such as vestibulo-collic reflex (VCR), and cervico-
collic reflexes (CCR). The main role of these reflexes is to stabilize the head either in space or 
relative to the trunk, respectively.  The VCR stabilises the head in space while the CCR tends 
to re-align the head on the trunk. These two reflexes can work synergistically or antagonisti-
cally according to context and movement goals.  
The aim of this thesis is to investigate the sensory –motor control of the sternocleidomas-
toid muscle and the nature of the functional interactions between the vestibular system and 
neck muscles in healthy participants and in patients with bilateral vestibular loss. Specifical-
ly, the experiments performed were designed to a) investigate how head control is organ-
ised in healthy subjects and b) to examine how this functional interaction is modulated in 
patients with vestibular dysfunction.  
Firstly, a novel head-restraint paradigm is used in order to attempt to isolate a neck stretch 
reflex in the SCM muscle. Using this paradigm, the activation of the vestibular system is min-
imised. This permits differentiation between vestibular and neck muscles reflexes.  Fore-
head skull taps and tendon taps were used to differentiate between vestibular-mediated 
response and stretch responses and vestibularless patients were also included to aid with 
assessing the contribution of stretch reflexes to head control. Secondly, the sensory-motor 
organization of the induced responses by tendon tap was investigated following vestibular 
caloric stimulation to see if it was modulated by vestibular input. Finally, in order to assess 
cortical aspects of neck control the cortico-spinal excitability of the sternomastoid muscle 
have been assessed, with non-invasive brain stimulation (transcranial magnetic stimulation), 
and visual stimulation (rotating disc) in healthy participants. To be able to better understand 
visual processing of the latter (motion visual stimuli).In the final part of the thesis the effects 
of visual motion stimulation on the excitability of the visual cortex, both in areas V1 and V5 
were investigated. 
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Applying tendon taps of the left sterno-mastoid (SM) relatively long latencies (32msec) EMG 
responses have been recorded from the ipsilateral and contralateral SCM muscles in con-
tracted and relaxed conditions in both healthy and bilateral vestibular failure subjects (BVF).  
These latencies (32ms) indicating a long loop, possibly via the cortex or subcortical struc-
tures would suggest a long loop reflex. These long loop responses are not modulated apply-
ing caloric vestibular stimulation and suggest that although the vestibular system is activat-
ed, the neural pathway between the vestibular system and the motor cortex is not activated 
by the tap since this is purely a spinal reflex? In addition the physiological mechanisms of 
head neck control are significantly influenced by the visual cues. Visual – vestibular and pro-
prioceptive loops are probably involved in head-neck sensory motor control. 
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Chapter one  
1. General Introduction 
 
Postural control is essential for effectively performing everyday life activities both in resting 
conditions such as sitting on a chair (static stability) and while moving such as standing up 
and walking (dynamic stability). Postural control is achieved by the alignment of the body 
segments (head, trunk, limbs) with respect to gravity. The term “Postural control” usually 
involves two components: body stability and body orientation. The term Postural Stability or 
Balance reflects the ability to maintain the body in equilibrium (Shumway-Cook and 
Woollacott 2012).  
Postural orientation is defined as the ability to maintain an appropriate relationship be-
tween the body segments and between the body and the environment.  An appropriate re-
lationship is alignment of body segments such as head, trunk, and limbs in such way that the 
vertical projection of body centre of mass is maintained within specific boundary limits, 
which is called base of support (Shumway-Cook and Woollacott 2012). The major function is 
to maintain equilibrium when destabilizing or stabilizing forces are applied to body seg-
ments.  
Furthermore, the tone of the postural muscles (head, trunk extensor muscles, antigravity 
muscles) has a major contribution to postural stability in the upright position. Muscle tone is 
the level of muscle activity which provides resistance of body segments to a passive move-
ment or by active forces such as gravity. 
To maintain postural control the central nervous system (CNS) must have an “accurate pic-
ture” of where the body is in space and whether it is stationary or in motion. The CNS organ-
izes information via a “network” of sensory inputs throughout the body in order to deter-
mine the head and body’s position in space. Peripheral inputs from visual, vestibular, soma-
tosensory receptors are able to detect the body’s position and motion with respect to the 
gravity and the environment. Appropriate sensory information from these sensory neural 
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networks is required for efficient postural control, against internal or external body pertur-
bations and body orientation in the space.  
 
1.1 Special importance control mechanisms of head   
 
The position of the head is essential for the postural stability and body orientation. The 
head maintains the upright position against the gravity and in alignment with trunk. Ana-
tomically, the centre of gravity of the head is placed above its axis of the head movement, 
the consequence being that any voluntary or involuntary trunk movement results in head 
movement. Sensory inputs such as sound, olfactory signals, visual cues or external perturba-
tions can cause head movements.   
Sensory systems encode information about the environment and head and body functional 
performance. Visual vestibular signals and proprioceptive from neck joints and muscles are 
important mechanisms for head stability in space and on body. 
The Visual system provides information to the central nervous system with respect to exo-
centric motion sense (object-motion) and to egocentric motion sense (self-motion). Calibrat-
ing and monitoring the surroundings provides significant information for voluntary head 
movements in both space and relative to the trunk. Significant information is sent to the 
CNS regarding head and body displacement in relation to the external word. More specifi-
cally, visual input provides significant information for both verticality and postural orienta-
tion relative to the visual vertical. Many studies have shown that visual perception and pos-
tural control is significant impaired when visual inputs are modified (Shumway-Cook and 
Woollacott 2012).  
Somatosensory inputs from neck joints and muscles contribute significantly to head/neck 
postural stability and orientation. Neck joint receptors detect head position-sense. The neck 
muscle receptors (muscle spindles, Golgi tendon organs) are activated when the head is 
moving and thus are responsible for providing a sense of head movement (Armstrong et al. 
2008) and have a high density of muscle spindles (Kulkarni et al. 2001; Peck et al. 1984) 
which supports this role. The dorsal neck muscles are very important in maintenance of up-
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right head position, since they are characterized as antigravity muscles and they are very 
sensitive to detect head movements with or against gravity.  
When the neck proprioceptive inputs (head movement) are activated the vestibular system 
is also activated. Whenever the head moves, signals about head displacement with respect 
to the trunk are sent to the CNS (Pettorossi and Schieppati 2014). The functional importance 
of the neck proprioceptive inputs in head and body stability is reflected in extensive neural 
connections between neck inputs and vestibular inputs (Anastasopoulos and Mergner 1982; 
Uchino and Kushiro 2011). Head stability is dependent upon the integration of both sensory 
inputs within the CNS.  
The vestibular system is characterised as a navigation system or as a gravity or inertial force 
detector that provides significant information to the CNS (Massion and Woollacott 2004) 
about postural orientation.  The vestibular sensory organs are stimulated by head move-
ments either in the horizontal or vertical plane.  A set of very sensitive motion sensory re-
ceptors (semicircular canals and otolith organs) are able to detect the head’s angular dis-
placement or linear acceleration. Thus, the vestibular apparatus is exquisitely sensitive in 
detecting changes of head position in space.  There is a functional neural connection be-
tween vestibular sensors and ocular motor nuclei that control eye movements while the 
head is moving.  These neural projections are involved in the formation of the vestibular oc-
ular reflex (VOR) that stabilizes retinal images during movement of the head in space.  
Furthermore, the vestibular system has significant functional neural connection with the 
cerebellum, other brain areas (such as thalamus and brain stem) and spinal cord. The neural 
projections of the vestibular afferents to the spinal cord result in a formation of a number of 
very important postural reflexes, the vestibulospinal reflexes. 
The anatomy and the physiology of the vestibular system will now be discussed in greater 
detail.  
1.2 Vestibular System 
 
Like many other neural networks, the vestibular system can be divided into peripheral and 
central components. 
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1.2.2 Peripheral Vestibular System 
 
The peripheral vestibular apparatus is located in the inner ear. Anatomically it is divided into 
the membranous labyrinth and the bony part of the labyrinth. 
The membranous labyrinth consists of connective tissue which surrounds the vestibular ap-
paratus. The space between bony and membranous labyrinths is surrounded by perilym-
phatic fluid. The sensory epithelium of the bony labyrinth is located within membranous 
labyrinth and is filled with the endolymphatic fluid. The endolymph is rich in K+ and Na+ ions. 
It is very sensitive to inertial changes that could be evoked by expected or unexpected head 
movements. Normally, there is no communication between perilymph and endolymph. 
The bony part of the labyrinth consists of the cochlea (organ of hearing) and five head mo-
tion vestibular receptors, the three semicircular canals (SCC) and the two otolithic organs. 
1.2.3 Hair cells-Sensitive Receptors of the Vestibular apparatus 
The transduction mechanism of the vestibular apparatus is the hair cell.  Hair cells are very 
sensitive sensory neural receptors located in each SCC and in each otolithic organ. Each hair 
cell is composed of 20 to 100 stereocilia cells and is divided into two parts - the apex and the 
synaptic base. Each stereocilia group is organised in a staircase-like arrangement. The tallest 
hair cell is called kinocilium (Nayak et al. 2007). Their principal function is to transduce me-
chanical energy into electrical signals by generating action potentials. The direction of hair 
membrane potentials is dependent on the direction that the hair cell is bending. More spe-
cifically, when the hair cells are deflected towards to the Kinocilium, depolarizationn of the 
hair cell is induced, thus the firing rate of the afferents is increased. Conversely, bending of  
the hair cells away from the kinocilium causes hypo-polarization of the hair cell membrane 
as a result the firing rate of the vestibular afferent is decreased (Goldberg et al. 2012; 
Goldberg and Hudspeth 2000). 
 
1.2.4 The semicircular canals (SCCs) 
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The semicircular canals (SCC) are a group of three interconnected tubes situated in each ear. 
The horizontal (lateral canal), superior (anterior) and posterior canals are orientated approx-
imately orthogonally with respect to each other. 
 
 
The sensory 
endings of 
each canal 
are located 
at the end 
of the canal 
in a wide 
space called 
the am-
pulla. Each ampulla contains a number of hair cells; the sensory receptors known as the cris-
ta amplularis. 
ion of the SCC following head 
ite direction so the pressure of 
17 
 
The cone-shaped crista amplularis projects upwards into the cupula, a gelatinous structure 
surrounded by the sensory epithelium within the ampulla (see Fig.1A) 
The SCCs are highly sensitive to angular head acceleration and they activated by fast head 
movements in rotation. In combination they can detect angular head velocity in any move-
ment plane. Any head movement activates the vestibulo-occular reflex (VOR) which gener-
ates eye movements which are linearly proportional to the velocity (Hain and Helminski 
2007). How do the SCCs detect angular head motion and transmit signals to CNS? 
When the head moves, the inertia of the endolymph causes pressure to be applied to the 
cupula, which bends in the opposite direction to the movement. This lag and subsequent 
bending of the cupula causes the hair cells to generate action potentials in the vestibular 
nerve. The deflection of the cupula occurs at the beginning of the head movement 
(Goldberg and Hudspeth 2000). The hair cells are activated if they are bent towards the ki-
nocilium and inhibited if they bend away from the kinocilium (see Fig 1B). 
Since the canals anatomical position on one side is the mirror image of that on the other 
side, there is reciprocal activation of a pair of canals during head movements. Head move-
ments in the horizontal plane are detected by both lateral horizontal canals. During neck 
flexion the anterior canals are activated and posterior canals are inhibited. During neck ex-
tension, the opposite effect occurs - the posterior canals are activated and anterior canals 
are inhibited.  
Following lateral neck flexion both anterior and posterior canals ispilateral to the head 
movement are activated and the same canals of the opposite side are inhibited. In more 
complex head-neck movements pattern such diagonal rotation and flexion (chin to the clav-
icle) the ispilateral anterior and the contralateral posterior canal are activated. 
This alteration of increase/decrease neural activity of the vestibular hair cell produces 
changes in the frequency of the neural activity of the canals components of the vestibular 
nerve. The different frequency rates of the action potentials created in the vestibular nerve 
by the hair cells sent to the CNS provides significant information for how fast and in what 
direction the head is moving. It is noteworthy that the hair cells within the cupula have the 
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same orientation as result it firing produces action potential in the one direction(Goldberg 
and Hudspeth 2000) . 
The SSC are very sensitive to changes the angular acceleration but when the discharge rates 
of the hair cells are equal and opposite between the left and right sides, there is cancellation 
of afferent signals, and this is interpreted as a stationary. When the head is steady the cupu-
la is in its resting position.  
1.2.5 The two otoliths 
In each set of vestibular apparatus there are two sets of otolith organs; the sacculus and the 
utricle. The two otolith organs are activated when the head moves linearly (along with the 
body) or tilts with respect to the gravity. In contrast to the SCCs, the two otolith organs are 
more responsive to linear motion and to acceleration instead of velocity (see Fig 2). The 
sensory hair cells of the otoliths are the macula. The macula of the sacculus is located on the 
medial wall of the organ and is formed approximately by 30,000 hair cells.  The macula of 
the utricle is located on the floor of the organ and contains approximately 16,000 hair cells. 
Each set of hair cells is located in the endolympatic space and are embedded in a gelatinous 
sheath called the otolith membrane (Goldberg and Hudspeth 2000). The otolith membranes 
are structures similar to cupula. However each otolith membrane contains large content of 
calcium crystals called otoconia (Bronstein and Lempert 2006).  
The two otoliths are mainly stimulated by the gravito-inertial forces that applied following 
head movements. Thus when the head accelerates forward, otoconia and hair cells lags be-
hind due to inertia. The signals of the two otolith organs play a significant role in detection 
of body orientation and in motor control of accurate balance. 
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Due to their anatomical position the 
two otoliths are able to detect changes 
in lin- ear acceleration which occurs in 
both the horizontal plane (mostly de-
tected by the utricle) and the sag-
gital plane (detected by the sacculus) 
(Fernandez et al. 1972a; Gresty and 
Bronstein 1992). As already men-
tioned the utricle is located perpen-
pen- dicular to the saccula. When the 
head is in upright position the macula of the utricle is tilted 300 degrees in respect to the 
horizontal plane (Gresty et al. 1992). The different orientation of the otoliths means that 
each macula responds to forces different directions. In addition each macula responds ro-
bustly in one direction (optimal direction). When the forces deviates from the “optimal di-
rection” the otolith receptors are inhibited (Halmagyi and Curthoys 2007). The unique ar-
rangement of the hair cells within each otolith plays a significant role in this. The hair cells of 
Figure 2: Otoliths. The utricle is positioned horizontally and the sacculus verti-
cally (modified from (Bronstein and Lempert 2006)) 
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each otolith macula are oriented in opposite directions with respect to the otoconian line 
known as the striola (Gresty et al. 1992).  
 
1.3 Central Vestibular neural network 
 
The central neural network is formed in ascending sequence by the Scarpa’s (vestibular gan-
glion), vestibular nucleus, and cerebellum, thalamus, ascending and descending tracts.  
The main role of the central network is to collect, analyse and process these signals along 
with other sensory information in order to estimate head and body orientation in the space.  
The vestibular neurons can be activated either tonically, when the head is not moving (rest-
ing discharge) or phasically when the head is moving (Bronstein and Lempert 2006). Otolith-
ic neurons are activated tonically by the inertial force on the head acceleration provided by 
gravity. Otoliths are very sensitive to head acceleration and rate of change of head accelera-
tion (Goldberg and Hudspeth 2000).  The SSCs are sensitive to head rotations and send sig-
nals about the velocity of the head rotation. Because of integration of all the various vestib-
ular signals on vestibular neurons in the brainstem, direction and velocity of head move-
ment and tilt of the head can be signalled in all 6 spatial dimensions (3 linear and 3 rotation-
al). 
All the vestibular neurons from SCC and otoliths project via Scarpa’s ganglion in the tem-
poral bone. Sensory information from the vestibular hair cells is transmitted to the vestibu-
lar nucleus (VN) by 20,000 myelinated axons (Goldberg and Hudspeth 2000).  
The vestibular nuclei complex is divided into four major nuclei (superior, medial, lateral and 
descending) and is located in the dorsal part of the pons and medulla.  
The superior and the medial vestibular nuclei receive vestibular afferents mostly from SCCs 
but also from otoliths. The neurons of the medial VN are mostly facilitatory. Conversely, the 
superior VN contains more inhibitory neurons.  The efferent pathway of the superior and 
the medial vestibular nuclei projects predominantly to the medial longitudinal fasciculus and 
then on to the extra-ocular muscles. These structures therefore mediate the vestibulo-
ocular reflex (VOR). 
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The lateral vestibular nuclei (named Deiter’s nuclei) receive inputs from the SCCs and oto-
liths and projects to the lateral vestibulo-spinal tract. The medial VN is involved in the for-
mation of the vestibulo-spinal reflexes (VSR). The medial VN is involved more in postural re-
flex but also plays a significant role in head-eye co-ordination. 
The descending nucleus receives sensory afferents mainly from the otoliths. The sensory 
output of this nucleus projects to the cerebellum, to the contralateral VN and to the spinal 
cord. Via the descending VN it appears that those vestibular sensory inputs provide signifi-
cant feedback for movements and balance control. Integration with other sensory inputs 
(such as visual and proprioceptive) has a major role in motor planning process as in planning 
the next immediate movement.  
Following this integration of all of the sensory signals, a motor output follows. The motor 
output of the vestibular system projects to the ocular muscles, neck muscles and spinal 
cord. The connection between the vestibular apparatus and the ocular and neck muscles as 
well as the spinal cord results in the formation of important reflexes such as vestibulo-
occular reflex (VOR) and vestibulo-spinal reflex (VSR).  
1.4 Vestibular Spinal reflexes 
 
Activation of the vestibular apparatus results in a variety of reflexes, known as vestibulo-
spinal reflexes, acting on neck, trunk and limb muscles. The main role of the vestibulo-spinal 
reflexes (VSR) is to restore balance and body stability. The VSR is part of the equlibrium 
“structure” which includes neck, spinal and visual reflexes. Thus, they produce compensato-
ry body strategies (for example, taking a step, swaying the body forwards or backwards, or 
use of hips or arms) in order to improve body stability and to prevent falls in different envi-
ronmental conditions. The functional neural connections between the vestibular nuclei (VN) 
and motor neurons are more complex than the connection between vestibular nuclei and 
ocular muscles.  
The vestibulo-spinal pathways act on axial muscles of head and body as well as proximal 
muscles of the limbs.  The VSR projects on the motorneurones via the medial and lateral 
vestibulospinals pathways. The lateral and medial reticulospinal pathways are involved in 
the structure of these reflexes. 
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The medial vestibulospinal track (MVST) carries fibres from the lateral medial and descend-
ing vestibular nuclei to the neck and trunk axial muscles.  The fibres of the MVST have ipsi-
lateral and contralateral projections and terminate principally in the cervical spinal cord. 
Some other fibres terminate in the thoracic spinal cord (Goldberg et al. 2012). Stimulation of 
individual SCC and otiliths direct activates the reflex pathway (Uchino et al. 2005; Wilson 
and Schor 1999). 
The lateral vestibulospinal track (LVST) carries neurones which originate in the lateral ves-
tibular nuclei and descend ipsilateral to all levels of the spinal cord. The LVST fibres are ex-
citatory fibres and project more to limbs and trunk axial muscles (Goldberg et al. 2012; Sato 
et al. 1997). It has been proposed that this neural pathway carries excitatory fibres from the 
ipsilateral anterior canal (Uchino and Hirai 1984). 
Neck proprioceptive signals and vestibular inputs are crucial for head stability and orienta-
tion both in space and with respect to the trunk. This functional integration results in the 
formation of the vestibulo-colic and cervicocollic reflex.  
Vestibulo-collic- Reflex (VCR) 
The Vestibulocollic reflex (VCR) links the vestibular receptors to the sternocleidomastoid 
muscle (SCM) motor neurons (Cullen 2012; Goldberg and Cullen 2011; Wilson and Schor 
1999). It is considered a compensatory response of the neck muscles when the head rotates 
in space and the main function of the VCR is thus to stabilize the head in space. When the 
head is rotating in yaw plane the VCR is induced via the activation of the horizontal SSC. 
When the head moves in the vertical plane the VCR could be induced by otoliths (Lacour et 
al. 1987; Wilson and Schor 1999). 
 
 
Cervico-collic Reflex (CCR) 
The cervico-collic reflex (CCR) stabilizes the head on the trunk. It is thought to be a stretch 
reflex although this has not been truly demonstrated;  it tends to realign the head with the 
trunk when the neck muscles are stretched when the head moves relative to the trunk. The 
extent of the CCR in head stability in healthy subjects is under debate. 
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The vestibular reflexes are usually antagonistic to stretch reflexes during head movement. 
The head needs to be stabilized against gravity (vertically), with respect to the trunk and 
relative to the gaze. For example, during head movement, the vestibular response would be 
to maintain the head upright whereas the stretch reflexes would tend to align the head with 
the trunk. When the whole body moves the vestibular-colic reflex (VCR) is activated in order 
to stabilize the head in space so that it does not turn with the body. In addition, due to 
stretch of the neck muscle the cervicocollic reflex (CCR) tends to re-align the head with re-
spect to the body. 
 
1.5 Cervical Vestibular Evoked Potential (VEPs): Vestibular Evoked 
Potentials 
 
The change in electromyographic (EMG) activity of the sternocleidomastoid muscle (SCM) 
following vestibular stimulation using sound, vibration or skull taps is widely used as a test 
of vestibular function (Colebatch and Halmagyi 1992; Colebatch et al. 1994; Colebatch and 
Rothwell 2004; Rosengren et al. 2010b). Cervical vestibular evoked potentials (cVEMPs) are 
commonly used in daily clinical practice in order to investigate otolith function in patients 
with vestibular disorders.  
cVEMPs were first reported by Colebatch and Halmagyi (1992) as short-latency biphasic re-
sponses of the SCM in response to a loud click. These responses were recorded from tonical-
ly contracting SCM ispilateral to the stimulated ear. They are characterised by a positive 
wave (p13) followed by a negative wave (n23). The mean latencies of the components of the 
acoustic cVEMPs are 13ms for the positive wave and 23ms for the negative wave. 
It has been established that these responses are dependent on vestibulo-spinal connections 
and are described as inhibitory responses (Colebatch and Rothwell 2004).  
cVEMPs are mediated primarily by an uncrossed pathway, since as stimulation of one ear 
mostly affects the ipsilateral SCM muscle. The sound cVEMPs test has been used, in human, 
as a clinical test of saccular function. For the acoustic cVEMPs auditory clicks (85 dB-145 dB) 
delivered to the ear stimulate the sacculus.  
The afferent component, from the stimulated sensory organ (saccula) is routed via vestibu-
lar brain regions (medial and lateral vestibular nuclei) and then via the vestibulo-spinal 
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tracks to the motor neurons of the effector (the SCM muscle) (Colebatch and Halmagyi 
1992; Goldberg et al. 2012).  
Further, cVEMPs can be induced by head taps (bone conducted cVEMP) at the forehead or 
the occipital bone which activate the otolithic afferent neurons (Halmagyi et al. 1995). Bone 
conducted cVEMPs responses arise from simultaneous stimulation of both the saccule and 
the utricle on both sides (Brantberg and Mathiesen, 2004; Curthoys et al., 2006).  The EMG 
responses to the skull tap from tonically contracting SCM are recorded bilaterally from both 
SCM. Following skull tap, the cVEMP responses are produced by a) the acceleration compo-
nent and b) the vibration component of the mechanical stimuli. Applying skull taps when 
the head is tilted so the sternocleidomastoid muscle is contracted, linear acceleration of the 
head is produced; as a result the otoliths afferents are activated. 
 
Motor control of the head during the complex activities of daily life requires interaction be-
tween vestibular and stretch reflexes in the neck, how is this achieved? 
This question is central to the experiments described below and to answer it one must con-
sider the types of manoeuvres displayed by the head-neck-torso linkage:  
a. Voluntary head movements within range of head rotation.  
If the head is moved voluntary on the shoulders both vestibular and spinal reflexes must be 
suppressed. This is because the vestibular reflex would tend to maintain the head in a con-
stant position in space and the stretch would tend to realign the head on the trunk.  
b. Perturbation of the trunk with a reasonable range of movement (e.g. jogging, gentle 
horse riding, or during a bumpy car ride).  
The head tends to maintain an upright, stabilised, orientation in space giving optimal direc-
tionality of the special senses. This is achieved partly by head inertia and partly by ves-
tibulo-neck reflexes (Gresty 1987). In the case of yaw perturbation of the trunk, primarily 
the horizontal canals are stimulated providing head stabilisation similar the eye stabilising 
reflex (VOR)(Bronstein 1988).  
c. Stabilising of the head on the trunk by stretch reflexes.  
Relative fixation of the head on the trunk produces a formal rigidity, which is probably a ra-
re manoeuvre in daily living unless one has neck pain and movement of the head on the 
neck increases pain. The most obvious case is threatening whiplash by high acceleration 
backwards/forwards tilt of the trunk usually due to external forces. The rapid tilt of the 
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trunk provokes a stretch reflex re-aligning the head with the trunk in order to minimise ex-
treme flexion or hyperextension of the neck.  A rather different example is the fixed align-
ment of the head on the trunk observed in certain sports (e.g. high speed cycling) or in pi-
lots during acrobatic manoeuvres.  In whiplash the stretch reflex is evoked automatically 
whereas in sports the protagonist has to learn to keep alignment and this eventually may 
be achieved by reflex activation.  
d. Vestibular stabilization during whiplash.  
Extreme tilts of the head provoked in whiplash stimulate the vestibular stabilization reflex 
in which case it works partly synergistically with the stretch reflex, both acting in the same 
direction to protect the head (Forbes et al. 2013; Forbes et al. 2015; Gresty 1989). 
e. Impact on the head.  
A sudden impact on the head tending to both displaces the head in space as well as on the 
trunk will evoke the vestibular and stretch reflexes acting synergistically to restore head po-
sition. 
f. Switching between head stabilization in space versus on the trunk.   
The head is normally stabilised in space during locomotion without voluntary intervention. 
However, maintaining the head aligned on the trunk is volitional and may enhance stretch 
reflex control of head-trunk alignment. Whether this happens is unknown. 
g. The functional interaction of the head stability in daily life.   
Even casual observation reveals that for many activities there is neither perfect head stabi-
lisation in space nor strict alignment on the trunk. The former would give a bird like ap-
pearances and the latter a rigid syndrome. Accordingly there must be a flexible continuing 
interaction between the two reflexes to achieve normal head movement control. The follow-
ing experiments test the functional nature of this interaction. 
 
 
1.6 The Aim of the Thesis 
  
The first aim of this thesis is to find out if the basis of the cervico-collic reflex could be provided by a 
muscle stretch reflex.  Despite previous assumptions it has never been shown that neck stretching of 
a major neck rotator, for instance by sternomastoid muscle (SM) tapping, can elicit an EMG re-
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sponse.  Most experiments have used whole (or large segments) body motion which do not allow for 
precise control of the neck stimulus.  In contrast, here I will use a discrete muscle tap during head 
fixed experiments, precisely to minimise head movements induced by the muscle tap [Chapter 3]. 
However, as neck taps could in theory is eliciting vestibulo-collic responses, I will deliberately induce 
these with head taps (VEMPs) in order to compare them with any putative stretch reflex responses 
found [Chapter 3]. cVEMPS induced by forehead skull taps. The presence of cVEMPs responses con-
firms the function of the vestibulospinal loop (VCR). It has been shown that there an exquisite func-
tional interaction between neck muscle receptors, cervical spine receptors, vestibular and visual ap-
paratus and motor during a variety of head manoeuvres (Treleaven 2008) 
 
Should I find a neck stretch reflex, the question arises as to how such reflex would interact with an-
other major player in the control of neck motion – the vestibular system.  This aspect of the thesis 
will be investigated both by measuring neck stretch reflexes in patients devoid of vestibular function 
[Chapter 3] and by stimulating the vestibular system (calorically) in healthy subjects [Chapter 4]. 
 
The third main aim of this thesis deals with higher levels of motor control of neck reflexes, the corti-
cospinal system and the visual system, both largely neglected in the literature.  Here, I will investi-
gate the former system with non-invasive cortical stimulation (TMS) and the latter with visual mo-
tion stimuli [Chapter 5].  However, as the general effect of visual motion stimuli on cortical excitabil-
ity are poorly understood we will assess this issue using the technique of TMS-induced phosphenes 
[Chapter 6]. 
 
 
 
Chapter 2: Materials and Equipment 
2. Materials Equipment  
 
2.1 Surface Electromyography (sEMG) 
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Surface electromyography is a non-invasive technique widely used for recording and evalu-
ating the electrical activity muscle. The apparatus required to record sEMG includes biologi-
cal amplifiers, an analogue-to-digital converter, a PC and surface disposable silver chloride 
(Ag/AgCl) electrodes which are placed over the motor point of skeletal muscles.  The muscle 
activity is recorded via the surface electrodes, amplified, sampled (digitised) and displayed 
on the PC screen. The sEMG recordings provide objective information about the onset of 
muscle activity (latency), the duration any muscle response and the relative intensity of the 
muscle contraction (amplitude or area). The use of sEMG has many advantages. First is easy 
to apply, painless and providse objective measurements about muscle activity. In addition, 
using sEMG, practitioners are able to monitor the muscle activity at rest and how this 
changes during muscle contraction. However, one disadvantage of the technique is “cross-
talk” ; where the electrodes pick up the myo-electric signal of neighbouring muscles (Gerdle 
et al. 1999). In order to avoid cross talk effects factors such as positioning of the electrodes, 
size of the electrodes, skin preparation, and distance between the electrodes must be well 
thought-out.  
Generally, sEMG electrodes are placed on the top of the belly muscle or over the motor 
point of the muscle. However more recent physiological studies in healthy subjects (over the 
muscles belly, or the distal part of the innervation zone of the muscle) have shown that pos-
iting the EMG electrodes over the belly muscle this is not the optimal montage for sEMG 
(Falla et al. 2002a; Hermens et al. 2000; Rainoldi et al. 2000; Roy et al. 1986). Testing 
different muscles with different EMG electro montages showed that possitiong the sEMG 
electrodes over the muscle belly the EMG signal is affected by small muscle movements, 
and as a result produces variations in EMG signal amplitude. The previous studies showed 
that the most stable region is located between the distal point of the innervation zone and 
the muscle tendon insertion and not over the muscle belly and (Hermens et al. 2000; Roy et 
al. 1986).   
The quality of EMG signal is affected by the size of sEMG electrodes. Electrodes with diame-
ter of 0.5 cm are favoured for the limbs and trunk muscles and with 0.2 cm diameter for fa-
cial muscles (Fridlund and Cacioppo 1986; Hermens et al. 2000). Smaller electrodes detect 
EMG activity more focally and were used in the current experiments.  
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Furthermore, skin preparation is very important for the EMG recordings. Correct  skin prep-
aration (shaving, cleanse with alcohol wipes or abrasive gel) improves adherence of the 
electrodes and also   conductivity, producing a less noisy EMG signal and reducing skin  im-
pedance.  It has been proposed that the skin impedance should be around 5KΩ- 6to 10 KΩ 
(Fridlund and Cacioppo 1986). 
 
2.2 Transcranial Magnetic Stimulation (TMS) 
 
TMS is a, non-invasive brain stimulation tool which can be used to probe the excitability of 
the motor pathways from the motor cortex to the muscles (Barker et al. 1985; Day et al. 
1991; Rothwell 1991). A rapidly changing electric current induces a magnetic field which in 
turn induces an electric field within the cortex. 
The size of the stimulating coil and the anatomy of the underlying brain region determine 
how the electric field is distributed in the brain. A number of TMS coils (of different shapes 
and dimensions) have been produced for many clinical applications (Deng et al. 2013). The 
circular and the figure-of-eight types are the most commonly used.   
The figure-of-eight coil is formed from two circular coils placed side by side. Each coil pro-
duces electromagnetic current in the same direction and as a result there is summation of 
the electric field under the junction point. This results in a more focal and stronger stimula-
tion of the relevant brain regions (Thielscher and Kammer 2004). The focality of the induced 
electric field and the localization of the brain region is important in order to minimize the 
stimulation of other non-target regions (Lefaucheur et al. 2014; Paulus et al. 2013; 
Thielscher and Kammer 2004) 
When TMS is applied over the motor cortex an excitatory muscle response known as a mo-
tor-evoked potential (MEP) can be recorded using sEMG. The sizes of the MEPs are related 
to the number of the corticospinal motor neurons activated during the brain stimulation 
(Day et al. 1987). In addition, the excitability of the motor corticospinal outputs is directly 
related with the size of the recorded MEP (Paulus et al. 2013). Furthermore, the size of the 
MEP is related to the level of background muscle activity, with larger MEPs produced with 
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larger background EMG activity (Hess et al. 1986).  When a muscle is active, the MEP is fol-
lowed by period of EMG silence, known as the silent period (Davey et al. 1994) which is, in 
part, due to intracortical mechanisms. 
Parameters such as latency (onset) and the size of the MEPs (amplitude, area, duration of 
the response) and duration of the silent period can provide evidence about the excitability 
of the corticospinal and interneurons impinging on the corticospinal neurons. Changes in 
these parameters can reveal physiological changes within the motor cortex. 
2.3 Tapper – tendon reflex 
 
Although TMS over the motor cortex can reveal changes in excitability within the corticospi-
nal pathway, any changes in MEP size can result from changes at a cortical or spinal level. In 
order to distinguish the two, it is necessary to probe spinal excitability. This can be achieved 
by activating the reflex pathway either using electrical stimulation to a mixed nerve or by 
manual stretching of the muscle, using a mechanical stimulus to evoke a tendon jerk. 
Activation of the Iα muscle spindle afferents can be achieved by mechanical tapping of the 
tendon or by electrical stimulation of the mixed nerve (Clarke et al. 1973; Knikou 2008). 
These approaches have been used to study spinal excitability under a number of different 
conditions (such as during gait, following postural perturbations or in pathological condi-
tions) (Chen and Zhou 2011).  
In this thesis any stretch reflexes responses in SCM will be investigated. The motor innerva-
tion of SCM is via the accessory nerve, the eleventh cranial nerve (XI), a purely motor nerve 
innervating SCM and trapezius.  Previous studies have reported responses in SCM muscles 
induced by manual tapping (e.g. of anterior teeth or forehead (Kobayashi 1990) and from 
stimulation of peripheral nerves (e.g. supraorbital nerve(Nakashima et al. 1989).  However 
H-reflexes of the SCM using the traditional methodology of stimulation of a mixed nerve 
conveying both afferent and efferent signals has not been reported. The difficulty in access-
ing the sensory nerve supply to the SCM, which has separate afferent and efferent supplies, 
sensory probably via the cervical plexus and motor via the spinal root of the accessory nerve 
(Fitzgerald et al. 1982; Hayward 1986)  makes traditional H-reflex experiments on SCM 
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technically problematic. In addition, use of electrical stimulation in the neck could potential-
ly induce activation of other sensory modalities such as cutaneous and or vestibular system.  
Because of this, a more traditional mechanical stretch of the muscle has been used. A hand-
held device (Bruel & Kjaer LDS V101 electromagnetic magnetic shaker), was used to deliver 
taps to both forehead and neck muscles. This device has previously been shown effective in 
evoking stretch reflexes (Alexander and Harrison 2002; Beith 2012). 
 
2.4 Caloric Stimulation 
 
Caloric stimulation is a well-established test to identify unilateral vestibular deficit.  Follow-
ing caloric stimulation the semicircular canal is stimulated by non-physiological stimulus 
such as air or water. This procedure was first introduced by Robert Barany (1906).  Applying 
water into the ear above 440 Celsius and below 30° Celsius, he concluded that the caloric 
stimulation causes a movement of the endolymph, which in turn induced eye movements 
called vestibular nystagmus. Specifically, when caloric stimulation was applied, a natural 
convection current in the endolymph inside the canal was induced. This current would de-
flect the cupula and stimulate the ampullar hair cells in a manner similar to the rotational 
test; nystagmus and a feeling of dizziness is produced in the participants as a result 
(Bronstein and Lempert 2006).  
The head is reclined 300-45° upwards from supine position, bringing the horizontal canal in-
to a vertical plane. Each ear is irrigated for 40 seconds by a thermal stimulus, hot and cold 
water via the external auditory meatus.  The outcome vestibular measure is the associated 
eye movement (nystagmus). In healthy subjects, 20-25 sec after the onset of the irrigation, 
the vestibular-occular reflex (nystagmus) is induced. The nystagmus usually is recorded for 2 
min. 
As an example applying caloric stimulation to the right ear lower than the body temperature 
(300C) induces ipsilateral directed slow phase eye movement with contralateral nystagmic 
beats (fast phase) (see Fig.3 ). On the other hand thermal stimulus at 440C causes contrala-
teral slow phase eye movement and ispilateral nystagmic beats (fast phase).  
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Depending on the temperature of the water used for the caloric stimulation, irrigating the 
right ear produces a clockwise spinning sensation  during warm caloric stimulation (e.g. wa-
ter at 440 Celsius), while a counter-clockwise spinning sensation follows colder (with respect 
to body temperature) caloric stimulation (e.g. water at 30° Celsius) (see Fig. 3) and is ac-
companied by a feeling of dizziness reported by the participant (Barin 2015). 
 
 
Figure 3: Following cold caloric irrigation on the right ear vestibular nystagmus with slow phase to the right and rotational 
sensation to the left is induced. 
2.5 Rotating Disc 
The rotating disc was a black disc (40 cm diameter), covered with fluorescent irregular dots. 
The disc could be rotated either clockwise or counter clockwise direction. Different types of 
rotating discs have been widely used for rehabilitation in patients with vestibular deficits. 
When the disc is rotating a strong erroneous (illusory) sensation of self-motion is often in-
duced which produces a strong feeling of disorientation in healthy subjects. The principal 
reason for this is because a strong, large-field visual-motion stimulation is applied there is a 
mismatch between visual and vestibular signals. This happens because one sensory input 
(visual) indicates movement and the others (vestibular and somatosensory) indicate no 
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movement (Pavlou 2010). As a result a rotational felling is induced this may be mediated by 
cortical and subcortical reciprocal connections between visual and vestibular areas of the 
brainstem, cerebellum and cerebral cortex.  The participants feel that their body is rotating 
in the opposite direction of the disc rotation.  The proposed speed rotation is at 30°/sec and 
45 0/sec (Pavlou 2010) 
 
 
 
 
 
 
 
 
 
Chapter 3: Neck Stretch Reflexes 
 
This chapter is a physiological study of vestibulo-spinal loop and spinal reflex of neck muscle 
(SCM). More specifically, the existence of pure neck stretch reflex elicited by the SCM will be 
explored.  The SCM is chosen for two reasons 1) as mentioned earlier, the SCM is part of the 
vestibulo-spinal loop, which I will assess using the cVEMPs responses. Following vestibular 
stimulation via sound or skull taps the ololithic organs are activated and the responses 
measured iusing EMG activity of the SCM (cVEMPs), and 2) the SCM contributes significantly 
to head postural stability.   
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The aim of this study was to isolate a neck stretch reflex by tendon tap with the head fixed, 
to minimise vestibular activation. Furthermore, by applying skull taps cVEMPS responses will 
be recorded. SCM EMG recordings that induced by tendon tap will be compared with the 
SCM EMG responses that induced by cVEMPS in healthy and patients with bilateral vestibu-
lar failure.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 3.1 Abstract 
 
Objectives: Neck muscle motoneurones receive vestibular and proprioceptive inputs, but 
there is currently no evidence to indicate the presence (or absence) of a muscle-specific 
neck stretch reflex. The aim of this study was to isolate a neck stretch reflex by traditional 
tendon tap with the head fixed, to minimise vestibular activation.   
Methods: This aim was strengthened by also studying patients with bilateral vestibular loss. 
Bilateral electromyographic (EMG) activity was recorded in 17 healthy subjects and in 8 pa-
tients from sternal (SM) and clavicular (CM) heads of the sternocleidomastoid (SCM) muscle. 
The tendon of the left SM was tapped using a hand held electro-mechanical device whilst 
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the subject remained relaxed and during voluntary isometric neck flexion. Forehead skull 
taps were also applied to evoke vestibular responses.  
Results: Tapping of the left SM tendon evoked EMG responses of a similar latency in the 
ipsi- and contra-lateral SCM muscles in both groups when the neck muscle was relaxed and 
contracted (~33ms).  There were no latency differences between groups but the EMG re-
sponse area was significantly smaller in patients than in healthy subjects. In contrast, fore-
head skull taps (vestibular responses) evoked short latency responses in healthy subjects 
(~15ms) but not in patients.  
Conclusion: Our data indicate that the tendon tap responses were induced via neck muscle 
stretch afferents and not by activation of vestibular reflexes. The relatively long latencies 
found would suggest a long loop reflex.  Presumably this stretch reflex is the substrate of 
the cervico-collic reflex which normally interacts with the vestibulo-collic reflex for head 
control.  The weaker stretch reflexes in patients suggest that these reflexes are under ves-
tibular modulation.  In these patients reduced neck stretch reflexes could reduce neck stiff-
ness and dampen head oscillations due to unopposed stretch reflexes. 
 
 
Key words: Motor control; neck stretch reflex; vestibular, vestibular spinal reflexes. 
 
 
3.2 Introduction  
 
Neck muscles serve two reflexes with opposing functions: the vestibulocollic reflex (VCR) 
which, together with head inertia, stabilizes the head in space (Goldberg and Cullen 2011; 
Wilson and Schor 1999) and cervicocollic reflexes (CCR) which maintain alignment of the 
head on the trunk (Reynolds et al. 2008; Wilson and Schor 1999). The functional interaction 
between these two neck reflexes is flexible (Allum et al. 1997; Peterson et al. 1985); they 
may act antagonistically or synergistically depending on the particular body movement. For 
example, during body rotation, the vestibular response would stabilise the head in space, 
thus preventing the head moving with the body, whereas the CCR would tend to align the 
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head with the body. Under these conditions the reflexes are opposing and one (usually the 
stretch) has to be suppressed. Alternatively, these reflexes act synergistically e.g. when the 
body is suddenly moved, the head lags behind the body due to its inertia and both reflexes 
are activated to realign the head with the trunk (Gresty 1989; Peterson et al. 1985). Finally, 
during voluntary head turns both cervico- and vestibulo-collic reflexes need to be inhibited, 
this is thought to be mediated by efferent-copy mechanisms (Cullen and Roy 2004). 
Following sudden mechanical head perturbations, responses in the sternocleidomastoid 
(SCM) muscle have been observed, which are characterised by two components. The early 
component (~25ms) is thought to be vestibular dependent (Ito et al. 1997; Ito et al. 1995) 
and the later component (>40ms) is thought to be of spinal origin (Kuramochi et al. 2004). In 
contrast to healthy subjects, patients with bilateral vestibular failure (BVF) displayed only 
one (late, ~67ms) component (Ito et al. 1997).  
In studies of neck muscle function which allow the head to move, vestibular and neck pro-
prioceptive signals are confounded and identification of the contribution of neck muscles in 
head stability is carried out inferentially by comparison of the responses of normal vs laby-
rinthine defective subjects.  Hence, the primary aim of this study was to investigate if it is 
possible to isolate a neck stretch reflex, in a well-defined muscle, SCM, in a fixed head study 
in healthy subjects, to minimise vestibular stimulation.  In contrast to other stretch reflexes, 
where selective stretch or tapping of the relevant muscle was applied, all available neck re-
flex studies have used head-on-trunk (and vice versa) motion. Under these circumstances, it 
is difficult to establish if any effects observed are due to stretch of any specific muscle (deep 
or superficial), shortening/unloading of any other muscle (Corna et al. 1996) or indeed due 
to activation of less specific receptors located in peri-vertebral tissue (Hikosaka and Maeda 
1973; Richmond and Abrahams 1979b).  However, although fixing of the head may permit 
better isolation of stretch reflex responses there is always a caveat that the response may 
nevertheless be vestibular in origin, by virtue of the exquisite sensitivity of the vestibular 
system to vibration and acceleration without significant head displacement.  For this reason 
we also studied patients with BVF. 
The physiological mechanisms which underlie neck motor control in patients with labyrin-
thine loss is not clearly understood and this has practical implications given that head stabil-
ity in space is reduced in such patients (Bronstein 1988; Guitton et al. 1986). Hence, given 
the possibility of isolating stretch reflexes, and that they are normally observed in interac-
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tion with vestibular mechanisms, we may observe how they are altered in subjects with 
BVF.  On the basis of the up-regulation of cervico-ocular reflexes observed in animals and 
humans with bilaterally reduced vestibular function (Bronstein and Hood 1986; Dichgans et 
al. 1973; Kasai and Zee 1978; Signorovitch et al. 2011) one would predict (Goldberg et al. 
2012) that cervico-collic reflexes, neck stretch reflexes in particular, should be enhanced as 
well. However, given the opposing nature of CCR and VCR in some circumstances, and the 
fact that this characteristic may be important for dampening head oscillations (Peng et al. 
1999) the gain of both these reflexes may be centrally coupled or titrated one to each other.  
In this case, a reduction of VCR activity, as in patients with bilateral loss of vestibular func-
tion, may lead to a reduction in activity levels in CCR as well.  The work undertaken here 
should be able to establish which of these two opposite predictions is correct. 
3.3 Material and Methods  
3.3.1 Ethical approval 
The study was approved by the local ethics committee. All subjects gave written, informed 
consent and the study conformed to the standards set by the latest revision of the Declaration 
of Helsinki. 
3.3.2 Subjects 
Seventeen healthy subjects (mean [SD] age 48.65[15.38] years, range 30-71 years, 8:9 males: 
females) with no history of neurological or vestibular lesions and 8 patients (mean [SD] age 
60.38[9.23] years, range 43-70 years, 5:3 males: females) with BVF (6 idiopathic and 2 ototoxi-
city from gentamicin treatment) participated in the study.  All participants were right handed.  
Vestibular failure was confirmed by absence of acoustic vestibular myogenic evoked potentials 
(VEMPs) and absence or significant (>90%) bilateral reduction of bithermal caloric and rota-
tional electronystamography responses.  All participants had full range of neck movements and 
were free of musculoskeletal problems or injuries of the neck.   
3.3.3 Recordings 
Accelerometery 
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Two uniaxial accelerometers (Entran, EGCS-D1SM-5, DC Sensitivity 30.26 mV/g, FS=5g, Fre-
quency Response 0 to 150/80 Hz) were used; one was secured over the vertex with an elas-
tic headband and another taped over the muscle belly of the left SCM. The orientation of 
the two accelerometers was always in the naso-occipital axis. 
 
Electromyography 
Bilateral surface electromyographic (EMG) activity was recorded from the sternal and cla-
vicular heads of the SCM muscles using pairs of self-adhesive electrodes (Ag/AgCl, 20mm 
diameter, Henley’s medical, UK). They were positioned in line with the direction of the mus-
cle fibres (Falla et al. 2002a), with an inter-electrode distance of 20mm and applied with the 
subject in upright sitting position (Falla et al. 2002a). For the sternal head, the electrodes 
were positioned one third of the distance along a line from the sternal notch to the mastoid 
process and for the clavicular head one third of the distance along a line from the medial 
third of the clavicle to the mastoid process. A ground electrode was placed over the acromi-
on process. EMG recordings were filtered (10Hz-1kHz) and amplified (x1000, ISO-DAM bio-
amplifiers, World Precision Instruments, Hitchin, UK) before being sampled (2 kHz) by a data 
acquisition system (Power 1401 and Signal v5 software, Cambridge Electronic Design Lim-
ited [CED], Cambridge, UK) connected to an IBM compatible computer for subsequent of-
fline analysis.  
The choice of electrode positions contrasts with those used in previous studies investigating 
VEMPs (Colebatch et al. 1994; Rosengren et al. 2010a). However, in the current study, we 
wished to record the EMG activity of the distinct heads of the SCM muscles; this is possible 
using the electrode configuration published previously (Falla et al. 2002b).  To address the 
possible differences in signals obtained by the two electrode configurations, a pilot study 
was undertaken in which skull taps and tendon taps were applied and EMG recorded with 
the two different montages in 5 healthy subjects. 
3.3. Pilot studies  
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 A.  Surface EMG electrodes Position  
 
The surface electrode montage that is generally used for sEMG is positioning them over bel-
ly muscle or over the motor point of the muscle. This produces large levels of EMG activity. 
However, more recent physiological studies in healthy subjects have shown that positing the 
EMG electrodes over the belly muscle is not very good montage for surface EMG (sEMG) 
(Falla et al. 2002a; Hermens et al. 2000; Rainoldi et al. 2000; Roy et al. 1986). Testing 
different muscles showed that positioning the electrodes over the muscle belly the EMG 
signal is affected by small muscle movements and as a result produces variations in EMG 
amplitude. Other studies have shown that the most stable region is located between the 
distal point of the innervation zone and the muscle tendon insertion rather than over the 
muscle belly and (Hermens et al. 2000; Roy et al. 1986).   
For the SCM, it has been shown that the electrodes should  be placed in the lower part of 
the SCM and not over the muscle belly (Falla et al. 2002a). Using a linear array of 8 elec-
trodes, the EMG signal over different parts of the SCM muscle was examined. The authors 
were able to identify different innervation zones (IZ) for clavicular and sternal part of the 
SCM. They proposed that the appropriate electrode position is 1/3 of the distance from the 
sternal notch to the mastoid process (Falla et al. 2002a).  
 Because the value of the sEMG measurements in clinical and research practice is dependent 
upon repeatability, a small pilot study was conducted in order to test which electrode mon-
tage gives better responses in both skull tap and left SM tendon tap.  
Two montages were tested in 5 healthy subjects using forehead skull taps and left SM ten-
don taps - one over the muscle belly and the one described by Falla (Falla et al.2002a). Thir-
ty taps were applied in each electro montage paradigm.  Our results showed that the mon-
tage used by Falla’s produced responses in all frames (thirty). Therefore electrode montage 
showed high repeatability of the average rectified value of EMG signal (Falla et al. 2002b). 
On the other hand the muscle belly montage EMG recording was more variable and re-
sponses were not presented in each frame.  
Our results are in accordance with the previous reports. More specifically, our pilot data 
confirm previous data which showed that the quality of the EMG signal is better when the 
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sEMG electrodes are located over the distal point of the SCM innervation zone (1/3 of the 
distance from the sternal notch to the mastoid process) rather than over the muscle belly. 
Using Falla’s electro montage the quality of the EMG signal was clearer with less variability 
in EMG values. The amplitudes of EMG responses were larger using Falla’s electro montage 
in both skull tap and tendon tap (see Fig.4) 
Therefore, the electrode montage  proposed by Falla et al. 2002, has been chosen for two 
reasons 1) it has already been shown that this montage has good repeatability and less vari-
ability in the EMG values (Falla et al. 2002a; b)   and 2) this montage it seems to more ap-
propriate for recording of  EMG for neck muscles, in particular SCM.  
40 
 
  
Figure 4: Grand average (5 subjects) EMG traces following skull tap (left panel) and left SM tendon tap (right 
panel), using two different surface EMG electrode montages: Falla’s (Falla et al. 2002a), used in the main study - 
top traces, SCM muscle belly - bottom traces). The vertical dashed lines represent the time of the tap. 
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B. Tapper mechanical stimulation  
 
The nature of the mechanical stimulation produced by the tapper was also investigated. 
Three mechanical components are produced by the tapper a) vibration, (inside the tapper) 
b) the force to the skin and c) the deformation of the skin when the tap is applied.   
This study, on 4 healthy participants, was conducted in order to identify and to exclude any 
skin movement artefacts induced by the tapper which might influence any EMG responses. 
The force of the tapper was recorded with a pressure sensor. The pressure sensor was 
placed on the left SM muscle fibres. A uniaxial accelerometer was placed 4 cm away from 
the tapper. Since accelerometers are extremely sensitive to, any induced skin deformation 
would be detected by the accelerometer. In addition the duration of any “skin wobble” was 
recorded. 
There was minimal delay from the onset of the stimulus, time taken by the tapper device 
and the onset of the deflection in the acceleration trace (see Fig. 5).  
42 
 
 Figure 5: Top trace: the force of the tapper, bottom trace the onset of acceleration signal. The solid vertical 
line represents the onset time of the tap stimulus. The dotted line is represent the onset of the acceleration 
signal (~ 2msec delay) 
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3.3.4 Protocol 
 
Participants were seated in a reclining chair, positioned at 45 degrees backwards from verti-
cal.  The head was immobilised with an occipital headrest and a custom-made forehead 
brace (see Fig. 6).   
 
 
Figure 6: Experimental set up. Subject positioning undergoing LSM tendon tap 
 
This (i) allowed stabilization of the head in the relaxed position and (ii) provided resistance 
during the voluntary isometric neck flexion.  
Since the sizes of EMG responses in the SCM are dependent upon the degree of background 
muscle activity (Di Lazzaro et al. 1995), visual feedback of EMG activity was provided to the 
participant to ensure they were either relaxed or producing a consistent contraction of the 
SCM muscles. Each subject first performed three bilateral, brief, maximum voluntary con-
tractions (MVC) of SCM, by attempting to flex the neck against the forehead brace. During 
each contraction, the visual feedback device was adjusted so that the maximum number of 
lights (ten) of the feedback visual display was lit. During parts of the protocol where con-
tractions were required, the investigator gave verbal encouragement to allow fine adjust-
ments of the head position to match the EMG levels for each muscle. 
A hand-held device (Bruel & Kjaer LDS V101 electromagnetic magnetic shaker, Sine Force 
(peak) = 8.9N, displacement (pk-pk) continuous= 2.5 mm), driven by the data acquisition 
system was used to deliver taps to both forehead and neck muscles. This device has previ-
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ously been shown effective in evoking stretch reflexes (Alexander and Harrison 2002; Beith 
2012). Tap stimuli were applied to the following locations and under the prescribed condi-
tions.   
 
1. At the insertion of the tendon of the sternal head of the SCM with the subject in a 
relaxed position (i.e. no voluntary SCM activity) – Tendon tap relaxed condition 
2. At the insertion of the tendon of the sternal head of the SCM with the subject acti-
vating the SCM bilaterally with neck flexion against resistance to 20% MVC – Tendon 
tap contracted condition 
3. To the middle of the forehead with the subject activating the SCM bilaterally with 
neck flexion against resistance to 20-25% MVC. This was undertaken to elicit VEMPs. 
 
The force of the tapper was calibrated in vitro using a pressure sensor whilst three different 
manual forces were applied, namely, the standard pressure used in the experiments (essen-
tially the device’s own weight), slight and considerable manual pressures on the device; we 
found no change in the amount of force delivered by each tap.  One investigator applied all 
taps to all subjects and the locations of taps were consistent across all subjects. Twenty taps 
were delivered at each location, one every 5 seconds, an interval sufficient to prevent adap-
tation (Stein et al. 2007). 
 
3.3.5 Tendon versus skull taps 
 
Skull taps activate the vestibular system directly (Brantberg et al. 2008; Halmagyi et al. 
2008; Halmagyi et al. 1995) but cervical VEMPs are only identifiable when there is back-
ground muscle activity (Akin et al. 2004; Colebatch et al. 1994). Consequently, the number 
of stimulus repetitions required for both acoustic and skull taps VEMPs to produce an identi-
fiable average response depends on the degree of background muscle contraction. To pro-
duce skull tap VEMPs, fewer stimuli  (30 to 60) are required than to produce acoustic VEMPs 
(100-300) (Rosengren et al. 2010b) but tapping the skull with a reflex hammer is prone to 
cause more variability in the responses because it is difficult to control stimulus intensity 
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(Brantberg et al. 2008; Halmagyi et al. 2008).  To overcome these technical problems we 
used the hand-held electromagnetic tapper to deliver reproducible stimuli. 
 
3.3.6 Data analysis 
 
Raw EMG was rectified and averaged. A custom script was used to calculate the mean and 
standard deviation (SD) of a pre-stimulus period (100ms) and visual inspection (with the aid 
of horizontally placed cursors at 2SD above the pre-stimulus mean) was used to determine 
the onset latency of any EMG response following the tap. This was deemed to have oc-
curred when the mean rectified EMG level rose above the 2SD line; this method has been 
used previously to identify onsets of muscle activity (Lee et al. 2011; Weaver et al. 2012). 
The duration of the response was measured from the onset to when the EMG decreased to 
below 2SD and the area under the curve was then calculated. Raw accelerometric traces 
were averaged and the peak acceleration following the taps was measured. 
Statistical tests were carried out using SPSS (v20, IBM, USA). Latencies and areas of the EMG 
responses in each muscle were compared for differences between groups using repeated 
measures ANOVA with factors side (left/right), contraction status (relaxed/contracted) and 
group (healthy subjects/patients). Peak head acceleration was compared for differences be-
tween groups and tap location (skull or tendon) using ANOVA. Statistical significance was 
taken when P<0.05. Data are presented as mean±SD in the text and mean±SEM in the fig-
ures. 
3.4 Control Studies 
3.4.1 Contralateral Responses 
 
Tapping the tendon of left SM evoked EMG responses of similar amplitude in both ispilateral 
and contralateral muscles. 
As this was unexpected we wanted to exclude the possibility that right SM responses were 
evoked by vibration transmission to the right SM from the left sided taps.  Recordings were 
made in 5 subjects with accelerometers taped to both SM muscles. Tapping the tendon of 
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left SM evoked EMG responses of similar amplitude in both ispilateral and contralateral 
muscles despite peak acceleration of the right SM being only one third the magnitude of 
that in the left SM; this implies that the right SM response is more likely due to a crossed 
reflex pathway rather than secondary to mechanical activation of the right SM (see Fig.7)  
 
 
 
 
Figure 7: Grand average muscle acceleration traces following tendon tap from ipsi-lateral (left SM: Tapped muscle, black 
line) and contralateral (right SM, grey line). The tap was applied at time zero.  
3.4.2 Tapping the top of the Sternum 
Previous neurophysiological studies have reported that the threshold for detection linear 
acceleration by the otolith organs is approximately (0.005 g) (Benson et al. 1986; 
MacNeilage et al. 2010). The aim of this control experiment was to exclude any contribution 
of the vestibular inputs to the EMG responses recorded following LSM tendon taps.  
Following tendon tap, the head acceleration recorded was approximately 10 times higher 
(~0.05 g) than the one that previously reported (Benson et al. 1986). Thus we can assume 
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that following tendon taps the larger EMG responses recorded inf healthy subjects may be a 
result of both muscle stretch and vestibular stimulation. In order to address this issue a fur-
ther pilot study was conducted.  
Thus the aim of this study was to verify that responses to tendon taps were not a result of 
bone vibration inducing a vestibular meditated response. In order to address this issue taps 
was applied away from the left SM.  
Twenty taps were applied to the top of the sternum in a subpopulation of healthy subjects 
(n=5). The experimental set up was the same as in the main experiment. 
No EMG responses were observed, despite head acceleration being comparable (peak to 
peak 0.04 G) to tapping the tendon (see appendix 1-Fig 3). 
Consequently, there is no vestibular component in the EMG responses that recorded follow-
ing LSM tendon tap.   
3.5 Results 
 
Skull taps evoked bilateral EMG responses at 15-19ms in normal subjects but these re-
sponses were absent in the vestibular patients (see Fig. 8).   Tapping of the left SM evoked 
EMG SM responses ipsi- and contralaterally at latencies of 30-35ms, both in normal and ves-
tibular deficient subjects. Tendon evoked responses were considerably smaller in the pa-
tients.   
3.5.1 EMG responses- Latencies 
3.5.1.1 Skull taps 
Skull taps produced responses in left and right SM and CM in all healthy subjects at ~15-19 
msec (see Fig. 8). 
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 Figure 8:  Representative EMG traces (average of 20 taps) from contralateral SM (top panels), ipsilateral SM 
(middle panels) following forehead skull taps in healthy subject (left panel) and in patient with BVF (right pan-
el). Head acceleration is shown on the bottom traces. The vertical dashed line represents the time of the tap.
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 The latencies of these responses were not different between the left and the right sides or 
between different heads of the muscle (F (1,18) =1.053, P=1.000). Responses in BVF patients 
were absent on the left SCM (but in two patients small amplitude responses were observed 
on the right SM). These small responses had similar latencies to those from healthy individ-
uals supporting the vestibular nature of the response to skull tap and implying some residu-
al vestibular function in these two patients. Peak head acceleration induced by the skull taps 
was not different between the groups (0.304g healthy subjects’ vs 0.303g in patients; t = -
2.048, P=0.602; see Figs. 9 & 10).   
 
 
Figure 9: Mean (±SEM) head acceleration in healthy subjects (blue bars) and patients with BVF (red bars) fol-
lowing forehead skull taps and taps of left SM tendon in contracted and relaxed experimental conditions 
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3.5.1.2 Tendon taps
The overall proportions of EMG responses in the left SM, as identified using our EMG criteria 
(see data analysis above), to tapping the tendon of the left SM under voluntary isometric 
neck flexion were similar in both subject groups (~82% of healthy subjects and ~88% of BVF 
patients) (see Fig.11).  
Proportions were calculated on the basis of responses being identified using the criteria de-
scribed in methods (i.e. a rise above 2SD of background mean on rectified and averaged 
EMG trace) and likely leads to an underestimation of the “true” proportions of responders.
There were, however, no complete non-responders.  
Healthy Subjects?
Patients?
Figure 10: Grand Average head acceleration traces following forehead skull taps in healthy subjects 
(blue trace) and in patients (red trace) 
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 Figure 11: Proportions of responders to tap of left SM tendon under relaxed and contracted experimental con-
dition, in healthy subjects (blue bars) and patients with bilateral vestibular loss (red bar) 
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Figure 12: Grand average rectified EMG traces from left SM following forehead skull taps (left) and tendon 
taps (right) in healthy subjects and patients. Upper traces are under relaxed conditions, lower traces are under 
contracted conditions. The vertical dashed lines represent the time of the tap. 
Figure 12 (right panel) shows grand average EMG traces obtained from tapping the tendon 
of the left SM with subjects relaxed under contraction conditions.  Latencies are summa-
rised in Figure 15. 
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Figure 13, shows the latency differences following both skulls tap (top traces) and tendon 
tap. These are uncertified EMG data from the left SM from one healthy individual. 
 
Figure 13: Representative unrectified EMG traces (average of 20 taps) from left SM following skull tap (black 
line), and LSM tendon tap (blue line) in one healthy subject. 
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Ipsilateral Responses 
Responses were obtained in the left SM in response to tendon tap of the left SM at approx-
imately 30ms (see Figs 14 and 15). ANOVA of the latencies revealed no effect of group (F(1,35) 
=0.673, P=0.417), muscle contraction status (F(1,35) =0.034, P=0.856) and no interaction be-
tween group and muscle contraction status (F (1,35) =0.315, P=0.578).  
Similar responses were also obtained from the left CM in response to tendon tap of the left 
SM. ANOVA of the latencies revealed no effect of either group (F (1,38) =0.030, P=0.862), 
muscle contraction status (F (1,38) =0.277, P=0.603) and no interaction between group and 
muscle contraction status (F (1,38) =2.557, P=0.121). Applying taps away from the left SM 
tendon, we were not able to observe any EMG responses despite the fact that head acceler-
ation was comparable (peak to peak 0.04 G) to tapping the tendon during this study. 
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Figure 14: Representative EMG traces (average of 20 taps) from contralateral SM (top panels), ipsilateral SM (middle pan-
els) following  tendon taps in healthy subject (left panel) and in patient with BVF (right panel). Head acceleration is shown
on the bottom traces. The vertical dashed line represents the time of the tap. 
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Figure 15:  Mean (±SEM) latencies of the EMG responses of the contralateral (left) and ipsilateral (right) SCM following tap 
of left SM tendon in healthy (H) subjects and patients (P) in relaxed (white bars) and contracted (hatched bars) conditions. 
The shaded figure (top right) indicates responses from the tapped muscle. Upper figures from sternal head of SCM, lower 
figures from clavicular head of SCM. 
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 Contralateral Responses 
Following tapping of the tendon of the left SM, responses were also recorded contralaterally 
in the right SM and CM of healthy subjects at latencies of 26-31ms (see Fig 16).  
 
Right SM  
In healthy subjects EMG responses were recorded at latencies at ~26ms contracted (see Fig 
16) and ~31ms in relaxed.  In BVF patients EMG responses were recorded at latencies at 
~35ms contracted and ~41ms in relaxed (see Fig. 14). 
ANOVA (factors: contraction, group) of the contralateral latencies revealed a significant ef-
fect of group (F(1,29) =5.229, P=0.031), with slightly longer (10ms) latencies (t= 2.287, 
P=0.031) in patients than in healthy participants. However it is noteworthy that under re-
laxed conditions, only 2 patients showed any responses in the contralateral SM. 
 
 
 
Figure 16: Grand average EMG from contralateral (right) SM following tap of the left SM tendon in healthy subjects. Data 
are rectified, averaged and normalised to the mean level of EMG obtained during the MVCs. The vertical dashed line repre-
sents the time of the tap 
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Right CM 
In healthy subjects EMG responses were observed at latencies at ~30ms contracted and 
~29ms in relaxed.   In BVF patients EMG responses were recorded at latencies at ~ 29ms 
contracted and ~30ms relaxed  
ANOVA (factors: contraction, group) of the latencies revealed no effect of group (F(1,28) 
=0.00054,  P=0.982), muscle contraction status (F(1,28) =0.0730, P=0.789) or any interaction 
between group and contraction status (F(1,28) =0.0011, P=0.974). 
 
Ispilateral vs contralateral responses  
Tapping the tendon of the left SM evoked responses of similar latencies in the ipsilateral 
and contralateral SCM in both groups.  Tapping the left SM induced similar latencies in the 
right and left SM in healthy participants relaxed (t=0.276, P=0.789), contracted (t=1.689, 
P=0.119) or BVF patients relaxed (t=0.837, P=0.556) and contracted conditions (t=0.689, 
P=0.529).  Tapping the tendon of the left SM evoked responses with similar latencies in the 
right and left CM in healthy participants both relaxed (t=0.726, P=0.489), contracted (t=1.65, 
P=0.70) and in patients in either contracted experimental condition (t=0.726, P=0.489) or 
relaxed (t=1.391, P = 0.192). 
3.5.2 Magnitudes (areas under the curve) 
 
The main finding was that patients’ responses to tendon tapping were smaller than those 
healthy subjects; (see Fig. 17) 
ANOVA of response areas to tendon taps with factors muscles, contraction status (re-
laxed/contracted) and group (healthy subjects/patients) showed that the area of the re-
sponses in patients were significantly smaller than in healthy subjects (F(1,20) =9.693, 
P=0.017). In addition, responses were larger in the contracted condition than in the relaxed 
condition (F (1,20) =73.214, P=0.001) for both ispilateral and contralateral responses to the 
tapped muscle, in both groups.  
 
In healthy subjects (i.e. those with both skull and tendon taps present), responses to tendon 
taps were significantly smaller than those from skull taps in healthy subjects (F (1, 18) = 9.750, 
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P = 0.026).  Skull tap EMG areas were approximately 2.2 times bigger than tendon tap re-
sponses. 
 
 
 
 
 
 
 
Figure 17: ?????????????????????????????????????????????????????????????????????????????????????????????????????????????
?????????????????????????????????????????????????????????????????????????????
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3.5.3 Acceleration 
 
Peak head acceleration produced by the skull taps was significantly larger (~0.3 g) 
(F(1,22)=52.974, P=0.002) than that produced by the tendon tap in both relaxed (0.04 g) and 
contracted conditions (0.06 g) and in both groups, by ~5 times. Peak head acceleration fol-
lowing tendon tap was not different between groups or experimental condition (re-
laxed/contracted; see Fig.18) 
 
 
 
Figure 18:  Mean (±SEM) head acceleration in healthy subjects (dark grey bars) and patients with bilateral vestibular failure 
(black bars) following forehead skull taps and tap of left SM tendon in contracted and relaxed experimental condition. 
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3.6 Discussion 
 
The main finding of this study is that tendon taps of the left SM produced EMG responses at 
an average of 32 msec from the ipsilateral and contralateral SCM muscles in contracted and 
relaxed conditions in both healthy and bilateral vestibular failure subjects (BVF).  In contrast, 
forehead skull taps produced short latency responses (cVEMPs) in healthy participants ( ~ 
15-19 ms), as in previous studies (Halmagyi et al. 1995),  but these were absent in BVF pa-
tients. 
Skull taps activate the vestibular system directly, by bone-conducted vibration and head ac-
celeration (Brantberg et al. 2008; Halmagyi et al. 2008; Halmagyi et al. 1995). Further, cervi-
cal VEMPs are only identifiable when there is background muscle activity (Akin et al. 2004; 
Colebatch et al. 1994).  
In our study, we identified responses from averaging fewer taps (twenty) with all partici-
pants maintaining 20-25% of MVC isometric neck flexion, in both skull and tendon taps. This 
allowed reliable comparison of latencies evoked from the two locations (skull and tendon) 
with the same degree of muscle contraction and we observed a distinct skull tap response at 
ca. 15 ms and a tendon tap response at ca. 30ms.  In addition, following tendon tap we were 
able to record EMG responses without background muscle activity (relaxed condition) at a 
similar 30ms latency. 
It is well established that the neural firing of the vestibular receptors is proportional to the 
applied forces to the head and the resulting head acceleration (Fernandez et al. 1972b). Ac-
cording to our head acceleration recordings the applied force by the tapper was the same 
between groups across each experimental condition.  As expected, however, head accelera-
tions recorded during neck tendon taps were 4-5 times smaller than those observed during 
skull taps. Previous studies have reported that head accelerations of 0.1-0.2 g are effective 
in evoking cVEMPs via skull taps (Rosengren et al. 2010b). In the current study, the recorded 
head acceleration during tendon taps was considerably lower (~0.06 g; less than 0.2 g) than 
those induced by skull tap (0.3 g; more than 0.2 g) in both groups.  Thus, such head acceler-
ation levels during neck tap stimulation are unlikely to evoke neck VEMPS and we conclude 
that the neck tapping responses, in both healthy and BVF patients with the head fixed, are 
mediated by muscle-stretch. The much shorter latencies we observed during skull taps, con-
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sistent with known vestibular reflexes and only present in normal but not BVF subjects, fur-
ther support this view.   
3.6.1 Contralateral Responses 
The contralateral responses observed in both healthy and BVF subjects were of similar mag-
nitude to the directly-evoked ipsilateral response. It is unlikely that the contralateral re-
sponse was an artefact, evoked by vibration transmission to the right SCM tendon, since the 
levels of vibration induced by left tapping that could be recorded in the right side muscle 
were considerably less than in the left side muscle. The most likely explanation for the re-
sponse in right SCM is that it reflects  a crossed reflex as exhibited by other axial postural 
muscles such as trapezius (Alexander and Harrison, 2002), abdominal (Beith and Harrison 
2004) and paraspinal muscles (Beith 2012). This explanation is in functional accord with the 
prominent postural role played by the SCM muscle, particularly stabilizing the head during 
body motion. In the most demanding manoeuvre of pitch rotation, in which the head has 
greatest amplitude of movement, a protective co-activation of left and right SCM muscles 
would be facilitated by crossed neck stretch reflexes. 
3.6.2 Interaction of cervical and vestibular control of neck muscles  
Although EMG responses in neck muscles in patients with absent vestibular function, both 
during head (Ito et al. 1995) and body acceleration (Gresty 1987) are attributed to stretch 
reflexes, this was never tested by direct stimulation of a neck muscle.  Investigation of neck 
muscle activity using head perturbation in intact subjects inevitably results in vestibular ac-
tivation (Aoki et al. 2000; Forbes et al. 2013; Ito et al. 1995; Kuramochi et al. 2004). The re-
sulting responses are therefore a product of the interaction between a number of neural 
pathways.  In contrast, animal studies (Peterson et al. 1985; Reynolds et al. 2008), on EMG 
responses elicited by trunk rotation around a stationary head versus rotation ‘en bloc’, 
which allows isolation of the CCR versus VCR respectively, have shown that these reflexes 
have opposing polarities, and it has been argued that such arrangement would help to 
dampen head oscillations (Peterson et al. 1985). Furthermore, it has also been speculated 
that the dynamic characteristics of the CCR are compatible with a muscle spindle origin 
(Peterson et al. 1985) but direct stretching of the participating muscle/s, as in our study, was 
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not undertaken. Curiously, responses apparently did not differ greatly between alert and 
decerebrate cats but, to the best of our knowledge, studies in cats deprived of vestibular 
function were not carried out.  
The interaction of CCR with VCR, whether synergistic or antagonistic, depends upon the na-
ture of the head or body movement (Cullen et al. 2009; Ito et al. 1995; Peterson et al. 1985). 
For example, both CCR and VCR need to be suppressed during voluntary head movements; 
however, during unexpected head/body perturbations (e.g. such as tripping) the VCR is 
evoked to right the head (Allum and Pfaltz 1985). Therefore, these reflexes are under cen-
tral control and there is also evidence that, under unpredictable perturbations, the VCR is 
modulated by neck proprioceptive input (Gdowski and McCrea 2000). Much of this modula-
tion, including those during active or passive head movements, take place at the level of the 
vestibular nucleus (Goldberg and Cullen 2011) but not at the level of vestibular afferents 
(Cullen and Roy 2004).  
Previous studies on healthy human subjects and patients with BVF involving abrupt head 
perturbations reported two distinct EMG responses from SCM muscles. ‘Earlier’ responses 
observed after “free fall” of the head (ca. 20-25ms) have been attributed to vestibular acti-
vation as they were absent in patients with vestibular loss whereas ‘later’ responses (ca. 50-
60ms), which were present in both groups, were deemed to be proprioceptive (Ito et al. 
1997; Ito et al. 1995; Munchau et al. 2001). Given that a free fall stimulus of the head has a 
much slower build up time than the sharp skull taps used here, the latencies of the respons-
es evoked by free fall of the head (Ito et al. 1995) would agree with the skull tap VEMPs (at 
12-15ms).  Similarly, the tendon tap responses (at 30ms) reported here and late compo-
nents (>40ms) reported previously (Ito et al. 1997; Kuramochi et al. 2004) may be the same 
as an overall prolongation of latencies by 15-30ms is expected on the basis of bio-
mechanical and stimulus profile differences. However, as in the Kuramochi study the head 
was perturbed by an impact to the forehead and BFV patients were not examined, the late 
response could easily have resulted from activation of the vestibular system (Brantberg et 
al. 2008).  
Thus, none of the previous studies on humans has proven that the neck responses are mus-
cle stretch induced and, hence, of likely spindle origin.  Our study seems to be the first to 
elicit neck stretch reflexes by direct tendon tapping. The only comparable observations 
(Alexander and Harrison 2002), in which a mechanical tap was applied to the insertion of 
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the lower fibres of trapezius, arguably not a principal neck moving muscle (Culham and Peat 
1993), evoked reflex responses at 12ms ipsilaterally and 14ms contralaterally.  Since during 
these experiments the head was free to move, such short latency responses might have 
been a VEMP, however, the authors elicited a similar response by electrical stimulation of 
the muscle afferents, indicating that the lower trapezius has a short latency response of 
muscular afferent origin. 
 
3.6.3 Pathways and latencies for neck stretch reflexes 
The question therefore arises, why are the latencies to SCM tapping in our experiment 
(32ms) nearly three times longer than those reported for lower trapezius tapping?  Such 
long latency suggests that the responses we observed in SCM are long-loop in nature. Alt-
hough the pathways involved in these putative long-loop neck reflexes are yet to be eluci-
dated, they are likely to be polysynaptic and, perhaps, transcortical. 
Activation of cutaneous afferents could also potentially mediate these responses (Jenner 
and Stephens 1982).  However, we feel this is unlikely since in pilot studies, tapping the skin 
to the side of the site of the tendon insertion, did not evoke any responses and, further, the 
cutaneo-muscular reflex often requires averaging many stimuli, upwards of 500 (e.g. see 
(Evans et al. 1990; Jenner and Stephens 1982).  In contrast, the responses produced in the 
present study were identifiable after comparatively few stimuli. 
Various lines of evidence show that the control of neck musculature is subserved by multi-
ple motor systems, including the corticospinal (Benecke et al. 1988; Berardelli et al. 1991; 
Gandevia and Applegate 1988; Guzman-Lopez et al. 2011a), extrapyramidal (Fukushima et 
al. 1978; Kavaklis et al. 1992), reticulospinal (Peterson and Felpel 1971; Peterson et al. 1978; 
Pompeiano et al. 1984; Wilson and Yoshida 1968), cervico-proprioceptive (Peterson et al. 
1985) and vestibulospinal systems (Colebatch et al. 1994; Pompeiano et al. 1984; Watson 
and Colebatch 1998; Wilson and Yoshida 1968).  As in other axial motor systems with bilat-
eral cortical representation (Alexander et al. 2007; Ferbert et al. 1992; Fujiwara et al. 2001; 
MacKinnon et al. 2004; O'Connell et al. 2007; Signorovitch et al. 2011; Strutton et al. 2004; 
Wightman et al. 2011) and multiple sensory convergence by poly-sensory inter-neuronal 
networks, this may provide for a more flexible movement control system than mono-
synaptic reflexes.  A polysynaptic network is likely to extend latencies considerably though.  
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Whether such a network would be deployed at local segmental level or whether higher CNS 
levels are involved is not known but the latter is likely since fMRI studies show that neck 
proprioceptive stimulation activates sensory-motor (Fasold et al. 2008) and multisensory 
visuo-vestibular cortical areas (Cutfield et al. 2014). In overview, the possibility that stretch 
reflexes in SM are not simple monosynaptic mechanisms is consistent with the complex 
modes of control of SCM which produces various types of reflex responses at a wide range 
of latencies (Corna et al. 1996). 
 In addition following LSM tendon taps, no short latency monosynaptic responses were 
found in either healthy subjects or in patients. Possible explanations for the absence of 
short latency monosynaptic responses in the left SM are i) they are not present ii)   the re-
sponses are too small to meet our EMG criteria to define (above 2SD of background EMG), 
or c) the stimulus was insufficient to activate the short latency pathway. 
 
 
3.6.4 Reduced neck stretch reflex activity in the absence of vestibular function 
A somewhat intriguing result was that neck tapping responses were considerably reduced in 
patients with BVF.  This is surprising because it is well established in cats, monkeys and hu-
mans that the cervico-ocular reflex (COR) is enhanced in the absence of vestibular function 
(Botros 1979; Bronstein and Hood 1986; Dichgans et al. 1973; Kasai and Zee 1978; 
Schweigart et al. 1993). The enhanced COR partly takes over the function of the VOR in pa-
tients with BVF by generating compensatory slow phase eye movements during head (neck) 
turns.  By analogy, it could have been expected that the CCR would be enhanced in BVF pa-
tients by similar mechanisms and possible benefits of ‘replacing’ the lost VCR with an en-
hanced CCR (Goldberg et al. 2012).  However, the different organization of VOR vs. VCR and 
COR vs. CCR might explain the different findings following vestibular loss.  Such differences 
are functional, control related and bio-mechanical, as discussed in the paragraph below. 
 
In contrast to the CCR, which stabilises the head on the trunk, there is little purpose or func-
tional role for a COR in healthy subjects.  Vestibular- and visuo-motor reflexes fulfil gaze 
stability during head movements and, accordingly, the gain of the COR in healthy subjects is 
virtually zero (Bronstein and Hood 1986).  Furthermore, the neural signal driving the post-
vestibular loss enhancement of the COR is retinal slippage which includes active recruitment 
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of the pursuit and optokinetic ocular systems (Heimbrand et al. 1996; Mandellos et al. 
2006). It is postulated that the large retinal slip error which occurs during head motion after 
vestibular failure drives the COR gain up via enhancement of pursuit/optokinetic mecha-
nisms (Bronstein et al. 1991) but, clearly, retinal error cannot be a major signal driving up-
regulation of the CCR.  From the control system standpoint there are also significant differ-
ences between vestibularly elicited eye and head movements (Ito 1972).  The VOR is an 
‘open loop’ system in that the output of the reflex (eye movement) has no influence on the 
sensory receptor (the vestibular system) or its input (head motion).  The VCR, in contrast, is 
a ‘closed loop’ system given that the motor output (head movement) influences the vestibu-
lar receptor and its input (Ito 1972). In essence, the vestibular system monitors the response 
of the VCR but not that of the VOR.  These conceptual differences between the VOR and 
VCR systems extend to the cervical system - the CCR system is also closed loop (the CCR 
output, head movement, influences neck input and receptors) whereas the COR system is 
open loop (the COR output, eye movements, has no influence on the neck).  Lastly, bio-
mechanical differences between the ocular and head movement systems are perhaps the 
most obvious given the considerable mass of the head compared with the tiny mass of the 
eye.  This could make the head movement control system potentially vulnerable to oscilla-
tions as argued previously (Peterson et al. 1985).  
In view of these striking differences between CCR and COR, the opposite effect induced by 
the loss of vestibular input upon the cervical control of the head or the eye is perhaps less 
surprising.  Notwithstanding this, the enhanced COR helps to replace the VOR and the ques-
tion arises, can we attribute any functional role to the down-regulation of the CCR? The sta-
bility of the head in patients with vestibular failure is significantly impaired; the head is 
“floppy” and there is a time delay between head on trunk movement compared to healthy 
individuals (Bronstein 1988; Gresty 1989), evident in children as hypotonia (Bodensteiner et 
al. 2003), and consistent with our observation that loss of vestibular function weakens SCM 
reflex activity in our patients.  High gain in the CCR system coupled with the considerable 
mass of the head could make the system even more prone to oscillations (Peng et al. 1999) 
and therefore reducing CCR gain might counteract this trend. The normal combination of 
VCR and CCR reflexes may well lead to dampening of head oscillations (Peng et al. 1999) but 
if loss of the VCR left the CCR unopposed and enhanced, then the neck might become rigid 
and display a dangerous oscillatory tendency. Reduction of CCR gain would prevent this and 
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render the head-neck system slightly hypotonic as observed. Whether these processes rep-
resent an active, centrally promoted adaptation (down regulation) or whether these may be 
a direct consequence of loss of vestibular innervation to cervico-proprioceptive pathways is 
not known.  As far as the observed down-regulation of the neck stretch reflexes and CCR is 
concerned, this would mean that vestibular input normally facilitates the CCR and when ves-
tibular input is absent then the CCR gain is reduced. Interestingly, the older literature does 
indicate a descending inhibitory influence of the vestibular input on neck musculature con-
trol, given that the typical opistotonus and neck hypertonia of decerebrate cats is reduced 
by bilateral vestibular nerve section (Brodal 1962). 
Neck muscles have a high density of muscle spindles (Cooper and Daniel 1963; Kulkarni et al. 
2001; Peck et al. 1984; Richmond and Abrahams 1979a) and afferent impulses from these 
have been shown to induce excitation of neurons in the contralateral vestibular nuclei by a 
disynaptic pathway relaying in the central cervical nucleus and crossing in the spinal cord 
(Sato et al. 1997). Furthermore, there is direct anatomical evidence, albeit from an animal 
study, that there are direct bilateral projections from upper cervical segments of the spinal 
cord, which carry afferent signals from muscles such as trapezius and SCM (Soo et al. 1993) 
to the vestibular nucleus; some of these projections are in contact with vestibulospinal neu-
rons of the descending vestibular nucleus (Xiong and Matsushita 2001). The existence of 
these projections in humans, which ordinarily exert excitatory influence over the neck mus-
cles, would explain the reduced size of the responses seen in the absence of vestibular func-
tion and human studies support this hypothesis.  The finding that postural responses elicited 
by vibration of the neck, are reduced in patients with BVF (Lekhel et al. 1998) is consistent 
with our current result. This finding also supports our view that neck-evoked responses may 
be scaled by converging sensory inputs (e.g. visual, vestibular and proprioceptive) and this 
may not necessarily be a functionally inappropriate response but would actually account for 
both the normal long latency and the reduced size in patients.  
In summary, myogenic stretch reflexes can be elicited in the SCM when the head is re-
strained to minimise vestibular-neck reflex contamination.  These reflexes are bilateral at 
latencies of 32ms indicating a long loop, possibly via the cortex or subcortical structures.  
The reduced amplitude of this tendon tap reflex in subjects with BVF loss suggests that a 
consequence of reduced vestibular function is loss of a facilitatory input to neck motorneu-
rones which can further contribute to the reduced head/neck control seen in these patients. 
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The precise pathways involved in this long-loop reflex are yet to be elucidated, but they are 
likely to involve multiple integrating centres. 
In addition, the signal processing in the vestibular nuclei from neck muscle activation had 
been traditionally investigated by applying passive head movements. It is well known that 
during head passive movements the vestibular system is activated, however, following vol-
untary head movements the vestibular system is activated to a lesser degree (Cullen and 
Roy 2004). 
Following active head movement the CNS is “aware” of the head’s movement. Furthermore 
CNS is able to “know’’ which sensory inputs (for example visual, auditory) are going to be 
used in order to organise the motor output  in most effective way. Presumably signals from 
SCM muscle spindles are travelling (Ia afferent fibres) via the cervical nucleus to the motor 
cortex. However the functional management of the motor response usually involves more 
neural connections between motor cortex and other cortical areas such as vestibular, visual-
motor areas, brain stem or cerebellum. 
We can assume that the isometric neck flexion activates proprioceptive inputs from muscle 
SCM spindles that could in turn alter the signal processing at the level of vestibular nuclei.  
Thus the long latency responses that recorded following left ST tendon taps and the absence 
of short latency mono-synaptic recordings suggests trans-cortical long-loop pathways are 
involved.    
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Chapter 4:  
Effect of cold caloric irrigation on neck stretch reflexes 
 
In this chapter the long latency responses recorded following left SM tendon taps will be 
investigated further. As discussed in the previous chapter these bilateral responses at laten-
cies of 32ms indicate a long loop response, possibly via the cortex or subcortical structures. 
Using caloric vestibular stimulation this study tries to understand better the cortical-
vestibulo- spinal pathways that serve the neck muscles. Following caloric irrigation, vestibu-
lar nystagmus and a spinning sensation of head and body in yaw plane are induced. Fur-
thermore, it is well known that applying caloric irrigation increases  excitability of vestibular 
afferents of the horizontal canals and thus the neural activity at the level of the VN is altered 
therefore  modulation of the responses by the vestibular system will be investigated and  
the role of sensory-motor cortex will be discussed. 
The physiological characteristics of the long latency responses will be examined following 
LSM tendon tap with and without caloric irrigation, which simulates a putative head turn in 
the yaw plane.  
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 4.1 Abstract  
 
Objectives: It has been recently shown that vestibular stimulation with cold caloric irrigation 
induced an increase in the excitability of the pathway to the contralateral sternocleidomas-
toid (SCM) muscle using transcranial magnetic stimulation (TMS) over the SCM motor cortex 
which was consistent with the direction of the putative head turn. However, whether this 
increase was cortical or vestibulo-spinal was not clear. We have now developed a technique 
to induce neck reflexes in this muscle by tapping the tendon of the sternal head of the SCM 
in a fixed head paradigm (chapter 3). We have used this to probe the vestibulo-spinal excit-
ability of the neck muscles during caloric irrigation in the present study.  
Methods: Ten healthy subjects with no history of vestibular dysfunction were seated in a 
backwards semi-reclined position, a forehead head restraint was utilized and they were in-
structed to keep their eyes open. Electromyographic (EMG) activity was recorded from the 
sternal head of the left SCM and subjects were instructed to maintain a low level of isomet-
ric neck flexion, (utilizing the EMG feedback provided), of approximately 20% of maximum 
voluntary contraction (MVC). Cold caloric irrigation was applied to the right ear for 40 sec-
onds, after 20 seconds (and on confirmation of the induced nystagmus using a head mount-
ed infra-red binocular video-oculography system) the tendon of the left SCM was tapped 
using a hand held mechanical device every 5 seconds; at least 25 taps were delivered. Thirty 
taps were also applied in a caloric-free condition; the order of conditions was randomised. 
EMG data were rectified and averaged. Latencies and areas of responses were analysed for 
differences between the two conditions and are expressed as mean±SD. 
Results: Tapping of the SCM tendon evoked EMG responses, the latencies of which were not 
different between the two conditions (tap only 32.00±9.00ms; tap+caloric 29.84±5.92ms; 
t=-1.05, P=0.32). The areas of the responses were also not different (tap only 0.15±0.11 
%MVC; tap+caloric 0.16±0.11 %MVC; t=-0.06, P=0.95). 
Conclusion: These data indicate that the neck stretch reflex, induced by the tendon taps, is 
not modulated by the caloric vestibular stimulation. In addition these responses are unlikely 
to be vestibular origin. Further clarification of the underlying mechanisms responsible for 
the alteration in excitability is needed. 
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Abbreviations: Vestibular Nuclei (VN), Medial vestibulo-spinal track (MVST), Lateral ves-
tibulo-spinal track (LVST), Semicircular Canals (SCC), Horizontal Semicircular Canal (HC), An-
terior Canal (AC), Posterior Canal (PC), Central Cervical Nucleus (CCN) 
 
4.2 Introduction 
 
As previously shown tapping the tendon of the left SCM evokes EMG responses at an aver-
age latency of ~32ms in both ipsilateral and contralateral SCM muscles in both normal sub-
jects and patients with bilateral vestibular failure (BVF). The latencies of LS tendon tap at 
~32ms were significant longer than one might expect for a typical axial muscle tendon tap 
mono-synaptic reflex. It is well known that following muscle stretch via tendon taps, EMG 
responses are induced which have both a short latency component of spinal origin, and a 
later component that is cortical, sub-cortical and trans-cortical (Day et al. 1991; Evarts 1973; 
Evarts and Tanji 1976; Marsden et al. 1977; Palmer and Ashby 1992).  All routes likely apply 
to SCM since the control of neck musculature is sub-served by multiple motor systems, in-
cluding the corticospinal system (Benecke et al. 1988; Berardelli et al. 1991; Gandevia and 
Applegate 1988; Guzman-Lopez et al. 2011a; Thompson et al. 1997b). 
However, in healthy participants, application of forehead skull taps evokes EMG responses 
at a short latency (15-19 ms) only. These responses are well known as vestibular origin 
(cVEMPS) that served by vestibulo-spinal loops  (Halmagyi et al. 1995). 
Animal studies have shown that afferents from neck muscles reach the vestibular nuclei by 
disynaptic or trisynaptic neural pathways. The vestibular nucleus projects down the spinal 
motor neurons via two vestibulo-spinal pathways: the medial vestibulo-spinal track (MVST) 
and the lateral -vestibulo-spinal track (LVST).  The medial vestibulo-spinal track (MVST) orig-
inates from rostral descending vestibular nuclei (DVN), medial (MVN) and lateral vestibular 
nuclei (MVC).  The MVST is a bilateral pathway which is divided in the ipsilateral and the 
contralateral MVST. Most fibres are terminating in the cervical cord. On the other hand the 
lateral vestibulo-spinal track (LVST) originates mostly from the lateral vestibular nuclei (VN) 
and innervates proximal and axial postural muscles (Goldberg et al. 2012; Peterson et al. 
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1981; Peterson et al. 1980; Sato et al. 1997; Uchino et al. 1990; Uchino and Kushiro 2011; 
Wilson 1993; Wilson and Schor 1999). This track is part of the somato-motor ventro-medial 
pathways and facilitates the muscle tone of antigravity muscles such as head and trunk ex-
tensor muscles.  
Both neural tracts contribute significantly to the formation of the vestibulospinal reflexes 
which act on neck and axial body muscles and limb muscles. The main vestibular input for 
the MVST is via semicircular canals (Peterson et al. 1981; Wilson and Schor 1999) and oto-
liths (Uchino et al. 2005; Wilson and Schor 1999). The vestibular nerve, Purkinje cells and 
the fastigial nucleus are the major sources of inputs to the LVST (Goldberg et al. 2012). 
At the vestibular nuclei level, animal studies have shown that neurons from the neck affer-
ents show robust activity when neck proprioceptive inputs were stimulated by passive body 
rotation while the head was stationary. A recent study showed that when the horizontal 
semi-circular canals (HC) are stimulated due to whole body rotation, the neck muscles are 
reflexively activated when the vestibular afferent nerves are firing and leading to opposing 
angular head and neck movement (Anastasopoulos and Mergner 1982; Kasper et al. 1988).  
It is  well-known that the vestibular-spinal reflexes and especially the VCR are significantly 
modulated by the neck proprioceptive inputs (Pompeiano 1984). The neural substrate of the 
VCR and CCR and the functional connections between labyrinth and neck motor-neurons 
have been widely studied (Fukushima et al. 1979; Peterson et al. 1980), (Uchino et al. 1990; 
Wilson 1993). In addition animal studies have shown that the VCR is not modulated by the 
LVST descending afferents (Peterson et al. 1980).  
It has been shown that the descending cortico-spinal tract projections to sternocleidomas-
toid muscle, one of the principal muscles which rotate the head, are influenced by the ves-
tibular system (Guzman-Lopez et al. 2011a).  In the previous study, it was shown that ves-
tibular stimulation with cold caloric irrigation induced an increase in the excitability of the 
pathway to the contralateral sternocleidomastoid (SCM) muscle using transcranial magnetic 
stimulation (TMS) over the SCM motor cortex which was consistent with the direction of the 
putative head turn. However, whether this increase was cortical or spinal was not clear. In 
addition, previous animal studies showed that excitatory inputs from the contralateral hori-
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zontal canal project to the SCM muscles (Uchino and Kushiro 2011; Wilson 1993; Wilson and 
Schor 1999).  
The primary aim of this physiological study is to further investigate a) alterations at the VN 
level following vestibular caloric stimulation (vestibulo-spinal loop) and b) the role of the 
sensory motor cortex in mediating the long latency responses evoked by tapping the tendon 
of the LSM during vestibular caloric irrigation. The results of this study may give an insight 
into the functional convergence of the organization of spinal, vestibulo-spinal and cortical 
networks.  
Finally, this study may provide a better understanding of head/neck function in patients 
with vestibular deficits. 
4.3 Material & Methods  
4.3.1 Ethical approval 
The study was approved by the South London REC Office 3 ethics committee. All subjects 
gave written, informed consent and the study conformed to the standards set by the latest 
revision of the Declaration of Helsinki. 
Subjects 
Ten healthy subjects with no history of neurological or vestibular lesions participated in the 
study; all participants were right handed. All of the participants had full range of motion in 
neck movements and were free of musculoskeletal problems or injuries of the neck.   
4.3.2 Recordings  
 
Electromyography 
Bilateral surface electromyographic (EMG) activity was recorded from the sternal heads of 
the SCM muscles using two pairs of self-adhesive electrodes (Ag/AgCl, 10mm diameter, 
Henley’s medical, UK). They were positioned in line with the direction of the muscle fibres 
(Falla et al. 2002a), with an inter-electrode distance of 20mm and applied with the subject in 
upright sitting position (Falla et al. 2002a). For the sternal head, the electrodes were posi-
tioned one third of the distance along a line from the sternal notch to the mastoid process. 
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A ground electrode was placed over the acromion process. EMG recordings were filtered 
(10Hz-1kHz) and amplified (x1000, ISO-DAM bioamplifiers, World Precision Instruments, 
Hitchin?? ????????????????? ???????? ??? ????? ??? ??????? ???????????? ??????? ??????? ????? ????
?????????????????????????????????????????????????? ?????????????????????????????????????
to an IBM compatible computer for subsequent offline analysis.  
Video-Occular-Myography (VOG)   
The induced nystagmus following caloric irrigation was recorded using  a head mounted in-
fra-red binocular video-oculography system (GN Otometrics ICS NCI-????????? 
4.3.3 Experimental Procedure 
Subjects Positioning  
Participants were seated in a reclining chair, positioned at 45 degrees backwards from up-
right sitting position.  The head was immobilised using an occipital headrest and a custom-
made forehead brace (see Fig. 19).  
 
 
 
Figure 19: Experimental set up. LSM tendon taps during right ear caloric irrigation  
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Each subject first performed three brief, bilateral maximum voluntary contractions (MVC) of 
SCM, by attempting to flex the neck against the forehead brace. During each contraction, 
the visual feedback device was adjusted so that the maximum number of lights (ten) of the 
feedback visual display was lit. During parts of the protocol where isometric neck contrac-
tions were required, the investigator gave verbal encouragement to allow fine adjustments 
of the head position to match the EMG levels for each muscle. 
 
Caloric Irrigation-Left SM Tendon Tap 
Caloric irrigation of the external auditory meatus was delivered for 40sec at 30°C (cold calor-
ic) by a motorized water caloric stimulator system (GN Otometrics ICS NCI-480, UK). The 
condition of the external ear and the tympanic membrane was examined before the irriga-
tion by otoscopy in all participants. 
A hand-held electromagnetic device (Bruel & Kjaer LDS V101) driven by the data acquisition 
system was used to deliver tendon taps (at 0.2Hz) to the following locations and under the 
following conditions: 
1. At the insertion of the tendon of the sternal head of the SCM with the subject acti-
vating the SCM bilaterally by isometric neck flexion against resistance to ~20% MVC 
and  
2. At the insertion of the tendon of the sternal head (SM) with the subject activating 
the SCM bilaterally by isometric neck flexion against resistance to ~20% MVC during 
cold caloric irrigation of the right ear. Before the irrigation, participants were asked 
to lift their head off the support following isometric neck flexion and to maintain a 
low level voluntary contraction.  
Cold caloric irrigation (300 C) was applied to the right ear (contra-lateral side of the tap), at a 
rate of 500 ml/min for 40 s (CHARTR VNG; ICS medical). The onset of the nystagmus and the 
rotational sensation took place approximately 20- 25 sec after the onset of the caloric irriga-
tion. After 20 seconds of the onset of the irrigation and on confirmation of the induced nys-
tagmus using a head mounted infra-red binocular video-oculography system at least twenty 
five (25) tendon taps of the left SM were delivered. Participants were instructed to keep the 
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same muscle contraction and maintain a low level voluntary contraction (~20 % of MVC) 
during the experimental procedure. Verbal encouragement was provided by the researcher. 
The taps were applied only when the nystagmus is present and the counter-clockwise spin-
ning sensation was reported. 
The tendon of the left SM was tapped every 5 seconds in both experimental conditions. The 
order of the experimental conditions was randomized. 
4.4 Control Studies 
 
It is widely accepted that the warm caloric irrigation provides a stronger stimulus than the 
cold irrigation. Thus, the warm caloric might induce greater effects on the neck muscle re-
sponses. In order to address this issue a control experiment with full caloric irrigation (cold 
and warm) was been conducted. 
The aim of this study is to further investigate if there is any effect on the neck stretch reflex 
responses applying right ear warm caloric irrigation.  
Twenty taps (20) were applied to the tendon of the LSM in a subpopulation of healthy sub-
jects (n=5) with and without right ear warm and cold caloric irrigation. The experimental set 
up and experimental procedures were the same as in the main study.  
Right ear warm caloric irrigation (440 C) was applied to the right ear (contra-lateral side of 
the tap), at a rate of 500 ml/min for 40 s (CHARTR VNG; ICS medical). The onset of the nys-
tagmus and the rotational sensation took place approximately 20- 25 sec after the onset of 
the caloric irrigation. After 20 seconds of the onset of the irrigation and on confirmation of 
the induced nystagmus using a head mounted infra-red binocular video-oculography system 
at least twenty five (25) tendon taps of the left SM were delivered. Right beating nystagmus 
and a clockwise spinning sensation was presented in all subjects. A ten-minute break was 
given between irrigations and the order of the experimental conditions was been random-
ised. 
Following LSM tendon tap EMG responses at similar latencies were recorded with and with-
out cold or warm right ear caloric irrigation. In addition, no differences of the EMG respons-
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es at latencies were found between cold and warm caloric irrigation (see appendix 2-Fig 
1).Furthermore, EMG responses in similar size (response area) were recorded in all experi-
mental conditions (with and without caloric irrigation). 
Consequently, the neck stretch responses are not modulated by caloric vestibular stimula-
tion either cold or hot.  The results of the control/pilot study show that the responses to 
neck tap appear not to be affected by the presence of the vestibular stimulus or indeed 
temperature of the irrigation. 
4.5 Data Analysis 
 
Raw EMG was rectified and averaged. A custom script was used to calculate the mean and 
standard deviation (SD) of a pre-stimulus period (100ms) and visual inspection (with the aid 
of horizontally placed cursors at 2SD above the pre-stimulus mean) was used to determine 
the onset latency of any EMG response following the tap. This was deemed to have oc-
curred when the mean rectified EMG level consistently rose above the 2SD line. The dura-
tion of the response was measured from the onset to when the EMG decreased to below 
2SD and the area under the curve was then calculated.  
 
 
4.5.1 Caloric Irrigation 
 
Following cold caloric irrigation the onset of the vestibular nystagmus started after 20 -25 
sec of the onset of the caloric irrigation. The left beating nystagmus reaches the peak at 
around 60 sec and the total duration of the responses lasted approximately 3 min on aver-
age (see Fig.20) 
The mean peak slow phase velocity of the right ear was 27 ± 1.8 °/s, which is within the 
normal range.  
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 Figure 20: Representative trace of vestibular nystagmus with slow phase velocity (SPV) to the right (top trace) following 
right ear caloric irrigation (the EOG was recorded by video-oculography system) .Bottom trace the peak SPV following right 
Ear caloric irrigation (see also appendix 2-Fig.2). 
4.5.2 Latency 
Following tendon tap of the left sternal SCM (SM), responses were recorded with and with-
out contralateral caloric irrigation. The latency of these responses were not different be-
tween the non-caloric and cold caloric stimulation (F (1, 18) =1.908, P=0.32). The recorded re-
sponses in tendon tap alone revealed in 32 msec (±9msec) and 29.8 (±5.9msec) respectively.  
The latencies are summarised in Fig.21. Figure 22 shows grand average resposnes EMG 
recordigs of the left SM following tendon tap with and without caloric irrigation. 
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Figure 21: Mean (+SEM) latencies of the EMG responses of the left SM following ten-
don without caloric irrigation (dark blue bar) and during right ear cold caloric irriga-
tion (light blue bar)   
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Figure 22: Grand Average Grand average rectified EMG traces from left SM following L SM ten-
don taps in healthy subjects. Upper traces: tendon taps alone, lower traces: tendon taps   during 
right ear cold caloric irrigation. The vertical dashed lines represent the time of the tap. 
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4.5.3 Area  
 
The very similar sizes of the EMG recordings in both experimental conditions (with and 
without cold caloric irrigation) was very surprising evidence.  
Tapping the tendon of the left SM, the area of the EMG responses during the caloric irriga-
tion was similar to the response area following tendon tap alone. One-way ANOVA showed 
no significant differences between the two experimental conditions (F(1,19)=0.004, P=0.953) 
(see Fig.23) 
 
 
Figure 23: Mean (±SEM) area of the responses in healthy subjects, following tap of left SM tendon  
(dark blue) and tendon tap during  right ear cold caloric irrigation  (light blue). 
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4.5.4 Duration of the response 
 
Following cold caloric stimulation of the right ear, the duration of the EMG responses was not differ-
ent than the tendon tap of left SM alone (F (1, 19) =1.363 P=0.258) (see Fig.24) 
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Figure 24:  Mean (±SEM) duration of the EMG responses in healthy subjects, following 
tap of left SM tendon (dark blue) and tendon tap during  right ear cold caloric irrigation  
(light blue). 
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4.5.5   Pre-Stimulus EMG Activity 
 
The pre-stimulus low-level contraction EMG activity was expressed as a percentage of the 
maximum voluntary contraction of the SCM (Fig. 25). There was no significant difference 
between the baseline pre-stimulus measurements and the caloric pre-stimulus measure-
ments (p>0.05).  
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Figure 25: Mean (±SEM) duration of the EMG responses in healthy subjects, follow-
ing tap of left SM tendon (dark blue) and tendon tap during  right ear cold caloric 
irrigation  (light blue). 
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 4.6   Discussion 
 
The main findings of the present study are that tendon taps of the left SM produced EMG 
responses of in left SM at similar latency with and without caloric stimulation. The respons-
es recorded with tendon tap alone appeared at 32 msec (± 6msec) and in tendon tap during 
cold caloric irrigation of the contralateral ear at 29.8(±  5.9msec). Following tendon tap of 
the left SM the size of the EMG responses (area under the curve) during the caloric irrigation 
was similar to the response area following tendon tap alone. Previous results from our lab 
(Guzman-Lopez et al. 2011a) indicate that to find a difference in response areas between 
baseline and caloric as significant (with power of 0.8 and alpha of 0.05), 10 subjects are re-
quired. It is therefore unlikely that the lack of difference in response sizes under the two 
conditions in our sample of 10 subjects is indicative of a type II error. 
Other characteristics of the EMG recordings such as duration of the EMG responses did not 
differ between the experimental conditions. In addition, the level of the prestimulus EMG 
activity is similar in both experimental conditions. Following right ear caloric irrigation, ves-
tibular activation is confirmed by the presence of left beating nystagmus in all participants.It 
could have been expected that the physiological characteristics (latency, size, duration) of 
the neck EMG responses of left SM during caloric irrigation would be different to those ob-
tained without caloric irrigation.  The activation of the vestibular pathways via caloric irriga-
tion was expected to evoke bigger EMG responses of the SM.  Following caloric irrigation all 
subjects’ experienced rotational sensation towards to the irrigated ear (rightwards rota-
tion). Due to the secondary reaction to the rotational sensation elicited by the cold caloric 
irrigation, voluntary head rotation to the opposite direction could have been expected.   
This expectation was prompted by i) previous animal studies showing that there is a link be-
tween semicircular canals and neck muscles and ii) it has been established by previous data 
that the SCM muscle receives inhibitory potentials by the ipsilateral canals and excitatory 
potentials by the contralateral canals (Uchino et al. 1990; Uchino and Kushiro 2011).  
However, if this was the case, pre-stimulus EMG activity might be expected to be different 
between the two experimental conditions, this was not observed in the current study     
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These data indicate that the vestibulo-spinal excitability of the neural pathway responsible 
for these tendon tap-induced responses of the left SCM is not modulated by cold caloric irri-
gation of the contralateral ear. The finding of evoked responses following the tendon tap of 
the left sternal part of the SCM muscle with and without caloric irrigation in our head-fixed 
paradigm strongly suggests that these responses are not modulated by horizontal canal ves-
tibular neurons 
These findings are consistent with long loop responses and suggest that although the ves-
tibular system is activated by the caloric, the pathway between the vestibular system and 
the motor cortex is not activated by the tap since this is purely a spinal reflex? The main 
question is where is it going then, as it’s not a simple stretch reflex as the latency is too long. 
However our findings are consistent with a previous TMS study, showing that the cortical 
excitability of projections to the SCM muscle are significantly influenced by the vestibular 
system (Guzman-Lopez et al. 2011a). TMS over the motor cortex induced MEPs in SCM 
which were larger contralateral of the irrigated ear which was consistent with the direction 
of the putative head turn.  
It is well known that the primary input in the vestibular nuclei is the vestibular inputs by 
semicircular canals and otoliths. In addition proprioceptive inputs from neck and limb affer-
ents reach the vestibular nuclei via spinal cord pathways. In addition, the final formation of 
these pathways is dependent on functioning convergence of multisensory afferents (visual 
and somatosensory) as we will now review.  
4.6.1 Functional convergence of sensory afferents 
Animal studies conclude that neural afferents from neck muscles reach the vestibular nuclei 
complex via two neural pathways. One direct pathway from the spinal cervical dorsal roots 
enters ipsilaterally to the lateral cuneate fasiculus  and terminates in the medial and de-
scending vestibular nuclei (Newlands and Perachio 2003). The contralateral pathway origi-
nates from the central cervical nucleus (CCN). The neck afferents via CCN cross the spinal 
cord and reach the contralateral vestibular nuclei monosynaptically. However the possibility 
of disynaptic or polysynaptic connections cannot be excluded (Sato et al. 1997) since the 
CCN projects to the cerebellum and the vestibular nucleus as well. Apart from the neck in-
puts, sensory inputs  from the vertical semicircular canals reach the CCN as well (Thomson et 
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al. 1996). Considering the above, it is clear that there is a functional convergence of neck 
inputs and vestibular inputs during head movements. Consequently, the neural input from 
the CCN to the VN is a combination of neck and vestibular input. 
Animal studies have shown that the functional interaction and the efficient convergence of 
vestibular and neck proprioceptive inputs in the vestibular nuclei are dependent on type of 
by head manoeuvres either with respect to external space or with respect to alignment with 
the body. There is strong evidence in cat and monkey studies which shows that the VCR is 
significantly modulated by neck proprioceptive inputs produced by passive head-on trunk 
rotation (Boyle and Pompeiano 1980; Wilson et al. 1990). In similar experiments,  it has been 
shown that the vestibular and neck proprioceptive convergence is nearly 49% in the lateral 
vestibular nuclei (Boyle and Pompeiano 1981). However, the functional convergence be-
tween vestibular and proprioceptive inputs is cancelled if all combined sensory stimuli are 
presented (Anastasopoulos and Mergner 1982; Luan et al. 2013).   
4.6.2 Semicircular Canals 
Animal studies have shown that all semicircular canals send input to the neck motor neurons 
(Shinoda et al. 1994; Uchino et al. 1990; Wilson and Schor 1999). Angular head movements 
in the horizontal plane effectively activate the horizontal canal (HC). The amplullar disdarge 
of the anterior (AC) and posterior canals (PC) are modulated by forward (flexion) and back-
ward (extension) head movements in the saggital plane (Uchino and Kushiro 2011). The neu-
ral connections are disynaptic but some originating from the vertical canals are polysynaptic.  
The vestibular signals from horizontal canal neurons in VN provide significant information 
about head movements, head position in space or head position relative to the  trunk 
(Gdowski and McCrea 2000).  Animals studies show that neurons of semicircular canals 
seem to respond more to roll than pitch head movements (Kasper et al. 1988).  Further, 
studies have shown that when applying passive head rotations, the vestibular nuclei receive 
sensory signals by horizontal canal vestibular neurons which are related to head movements 
(Anastasopoulos and Mergner 1982; Boyle and Pompeiano 1980; Kasper et al. 1988).  It has 
been shown that the direct pathway which connects the horizontal canal with ispilateral 
neck motor neurons, via medial vestibulospinal track in the medial longitudinal fasciculus, is 
probably disynaptic (Wilson 1993; Wilson and Schor 1999).  
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On the other hand, responses of the contralateral neck muscles did not significantly change 
when the lateral vestibular tracks disrupted in the lower medulla. Same authors concluded 
that the neural pathways between vestibular inputs and neck motor neurons are multi-
synaptic (Peterson et al. 1980).  In another study applying sinusoidal horizontal head move-
ment in cats showed that the horizontal VCR is unaffected after disruption of the medial lon-
gitudinal fasciculus (Bilotto et al. 1982).  
Comparing these results with previous studies on lesioned animals by Peterson et al 1980 
and Billoto et al 1982, it seems that the vestibular afferents from the semicircular canals are 
not sufficient enough to evoke responses of the neck muscles; especially on the contralateral 
neck muscles. Something which is in accordance with results of the present study, where no 
differences recorded in the tendon tap EMG responses following caloric irrigation.  As previ-
ously commented, alternative neural networks such as reticulo-spinal afferents probably 
play an important role (Wilson 1993; Wilson and Schor 1999). 
In addition, it has been proven that the vestibular afferents from the anterior semicircular 
canal are projecting in the neck motor neurons and more specific in the SCM. The neck pro-
prioceptive input that reaches the vestibular nuclei receives convergence by both ipsilateral 
vertical canals and otolith organs (Kasper et al. 1988; Uchino and Hirai 1984). Evidence from 
animal studies stimulating the anterior semicircular canals (AC) showed that the neck motor 
neurons of the ispilateral SCM are inhibited disynaptically via the ispilateral vestibulospinal 
pathway.  In contrast, the contralateral SCM motor neurons were facilitated by AC stimula-
tion (Fukushima et al. 1979; Fukushima et al. 1978; Uchino et al. 1990). Mapping the ves-
tibulo-colic neurons pathway, the same authors concluded that axons of the contralateral AC 
cross the midline of the medulla descend in the contralateral medial vestibulo-spinal track 
and enter the ventral horn in C1-C2 segment of the spinal cord. Future studies stimulating 
the anterior canal need to be performed.  
However, the horizontal canal system modifies the descending cortical motor pathway to 
neck muscles, as shown by TMS studies. The results from the present study show that there 
appears to be no interaction between horizontal canal activity and tendon stretch reflexes 
in the neck. In retrospect the findings by Gusman-Lopez et al (2011) may have been ex-
pected. Whereas cortical control of head movement depends on volition and reaction to 
sensory input such as vestibular signals, stretch and vestibular reflexes in the neck alternate 
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according to demands of the moment and there would be little advantage in their co-
activation. The switch between reflexes may depend on neck proprioception. 
In addition studies have shown that the behaviour of the VCR is differentially modulated by 
active and passive head movements at the vestibular nucleus level (Goldberg and Cullen 
2011) but not at the level of vestibular afferents (Cullen and Roy 2004).  
In contrast with the previous studies where head and trunk were passively rotated in either 
horizontal or saggital plane, in our fixed head paradigm the head displacement, in yaw 
plane, is very restricted.  In addition the participants had to maintain voluntary isometric 
neck flexion (pitch plane movement) and thus head displacement in space was limited. Con-
sequently we can assume that vestibular mechanisms that stabilize the head in space (ves-
tibular canals) are probably less active.  This experimental set up strongly promotes head 
stabilization on the trunk that probably occurs by the neck muscles. 
It is possible that there is some form of internal switch within the nervous system which es-
sentially determines if the vestibulo-spinal mechanism needs to be activated in order to sta-
bilize the head in space or other spinal mechanisms (neck muscles) need to be activated to 
improve the head stability on the trunk. This is supported by the finding that vestibular sig-
nals during active head voluntary head movements are cancelled (Cullen 2012; Cullen and 
Roy 2004), presumably because voluntary movements are organised at a cortical level. As a 
consequence, it is possible that the voluntary isometric contraction of the LSM undertaken 
during the protocol cancels the vestibular signals.  
In summary, on stimulating the right horizontal semi-circular canal no differences were rec-
orded in the neck stretch reflexes evoked following LSM tendon taps. The EMG responses 
were similar in size and latency with and without caloric. These data indicate that the neck 
stretch responses evoked by the tendon taps are not modulated by the vestibular caloric 
stimulation. It seems likely that other mechanisms within the CNS are activated to control 
head stability in the current paradigm. 
Further clarification of the underlying mechanisms responsible for the alteration in cortical 
excitability is needed.  Furthermore studies stimulating the anterior SCC may be needed in 
order to map other vestibulo-spinal pathways. Studies including patients with unilateral ves-
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tibular dysfunction may provide more evidence as to the functional interactions between 
the various systems of neck control. 
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Chapter 5 
The effects of visual motion (optokinetic stimulation) 
on cortico-spinal and vestibulo-spinal excitability 
 
In the previous chapter, tapping the tendon of the left SM produced similar EMG responses 
with and without vestibular stimulation (caloric irrigation). Thus, it appears that the spinal 
excitability of the reflex arc responsible for these tendon tap-induced responses is not mod-
ulated by the caloric irrigation. Therefore, the functional interaction of visual- vestibular- 
neck proprioceptive inputs in head-neck stability either in pitch or yaw plane needs further 
investigation.  
The first experiment will investigate the effects of optokinetic visual stimuli on corticospinal 
excitability of the neck muscles. The second experiment will investigate the effects of the 
optokinetic stimulation on the vestibulo-spinal control of neck muscles. The stimulation is 
provided using a rotating disc; this is a strong visual stimulus that produces an illusionary 
visual motion.  
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5.1 Abstract 
 
In this chapter I will report two separate experiments: 
5.1.1 Experiment 1:  
The effects of visual motion visual motion (optokinetic stimulation) 
on cortico-spinal 
 
Objectives: The functional interaction between vestibular, visual and somatosensory inputs 
from neck muscles in head control is complex and dependent upon body and head manoeu-
vres in different environments. This study aims to investigate the interaction between visual 
and corticospinal pathways of the left sternomastoid muscle.  
Methods: Ten healthy subjects with no history of neurological or vestibular lesions partici-
pated in the study. Subjects were in upright seated position with 900 head rotation to the 
right facing the disc. Electromyographic (EMG) activity was recorded from the sternal head 
of the left SCM. Subjects were instructed to maintain a low level of isometric neck flexion, 
(utilizing the EMG feedback provided), of approximately 20% of maximum voluntary con-
traction (MVC). TMS was applied over the optimal motor area (hot-spot) contralateral to left 
SCM (right hemisphere) with a figure-of-eight coil with and without visual stimulus (disc ro-
tating or stationary). TMS was applied only when the participants reported a feeling of rota-
tion (vection). The order of the experimental conditions was randomised. 
Results: Applying brain stimulation over the right hemisphere with the disc stationary or ro-
tating induced MEPs with mean latency of 9.8 (±0.9 msec). There were no significant differ-
ences in latencies between experimental conditions (F(2,29)=1.627, P=0.227). The amplitudes 
of the MEPs were significantly reduced following visual stimulation (i.e. when the disc was 
rotating; F(1, 29)=7.629, P=0.004). 
Conclusion: The amplitude of MEPs was reduced during disc rotation, regardless of direc-
tion.  This may be due to a general reduction in sensory weight given to the visuo-cortical 
system, during a disorienting rotating environment.  As a consequence, in Experiment 2 (see 
abstract below) we investigate if during disc motion the activity of the vestibulo-spinal loop 
increases. 
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5.1.2 Experiment 2:  
The effects of visual motion visual motion (optokinetic stimulation) 
on vestibulo-spinal excitability 
 
Objectives: In the previous experiment corticospinal excitability of the SCM was reduced 
during visual stimulation (rotating disc). In the present experiment the modulation of the 
vestibulo-spinal loop is tested using the same visual stimulus.  
Methods:  Eight healthy subjects with no history of neurological or vestibular lesions partic-
ipated in the study. Subjects were in upright seated position with 900 head rotation to the 
right facing the disc. Acoustic cVEMPs were recorded from the left SCM with and without 
visual stimulus (rotating clockwise and counter-clockwise or stationary). Subjects were in-
structed to maintain a low level of isometric neck flexion, of approximately 20% of maxi-
mum voluntary contraction (MVC). Following the visual stimulus five of the eight subjects 
reported rotational feeling (vection), data from 3 subjects were therefore excluded on this 
basis. The order of the experimental conditions was randomised. 
Results: Significant differences were found between cVEMP amplitudes under the different 
experimental conditions (P<0.001). Multiple comparison tests revealed differences between 
the cVEMP amplitudes between the static condition and both the CW and CCW rotating disc 
conditions (P<0.05), with higher amplitudes during the rotating disc conditions. There were 
no differences between the amplitudes of the cVEMPs between the rotating disc conditions 
(P>0.05). 
Conclusion: Results from the cVEMP study indicate that the vestibulo-spinal reflexes are en-
hanced during optokinetic stimulus. 
 
 
 
5.2 Introduction  
As discussed in the previous chapters the vestibular system utilizes numerous mechanisms 
to perform vital functional tasks such as stabilization of the head via medial and lateral ves-
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tibulospinal pathways (Cullen 2012; Cullen and Roy 2004). Indeed, there is direct neural 
connectivity between the vestibular nucleus/apparatus and the neck muscles (Uchino and 
Kushiro 2011; Uchino et al. 2005), highlighting their functional interactions. Neck proprio-
ceptive inputs also play a major role in head stability and orientation (Pettorossi and 
Schieppati 2014). 
Visual inputs contribute significantly to human head postural control detecting a) subject 
motion in the environment and b) external object motion. However there is a considerable 
debate over the hierarchical organization and the extent of the compensatory abilities of 
these neural components in head postural control. The functional interaction between visu-
al-vestibular network and visual- neck proprioceptive inputs has been shown with fMRI 
(Brandt et al. 1998; Cutfield et al. 2014; Kleinschmidt et al. 2002). In healthy subjects, visual 
stimulation activates the visual cortical areas, but the vestibular cortical regions are deac-
tivated (Brandt et al. 1998). Further, in patients with BVF, there is altered interaction be-
tween visual and vestibular brain areas following neck proprioceptive stimulation (Cutfield 
et al. 2014), which indicates neck afferents are activated as a compensatory mechanism for 
reduced  vestibular function in the control of head stability in these patients. 
Results in the previous chapter (Chapter 4) showed that the excitability of the neck stretch 
reflex pathway, evoked by tapping the tendon of the left SM, is not modulated by vestibular 
caloric irrigation. However, a previous study has shown that responses in SCM evoked by 
TMS are modulated by vestibular caloric stimulation (Guzman-Lopez et al. 2011a). Following 
cold caloric irrigation, the amplitude of the SCM MEPs was increased contralateral to the 
side of the irrigation. The responses in SCM to TMS have been reported previously 
(Berardelli et al. 1991; Gandevia and Applegate 1988; Odergren and Rimpilainen 1996; 
Odergren et al. 1997) and are indicative of direct corticospinal projections. 
Many types of optokinetic stimulation paradigms are used (e.g. rotating discs, optokinetic 
drums, and striped curtains) in order to investigate visual-vestibular interactions (Guerraz et 
al. 2001; Pavlou 2010; Vitte et al. 1994). With a striped curtain, the visual stimuli are pre-
sented in the horizontal (yaw) plane in a rightwards or leftwards direction.  With a rotating 
disc, motion stimuli take place in the frontal (roll) plane, in a clockwise (top of disc towards 
the observer’s right shoulder) and counter-clockwise direction. Applying a strong optokinet-
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ic visual stimulus induces inter-sensory conflict (visual-vestibular conflict) because the large 
filed visual stimulus signals body rotation whereas the inertial system (vestibulo-
proprioceptive) does not confirm that body rotation has occurred. The subject, however, 
can experience intermittent rotational sensations in the opposite direction to the disc rota-
tion. In healthy subjects the perception of the visual vertical is also disrupted so the body’s 
perception of orientation with respect to the gravitational field and static visual surround-
ings is impaired (Guerraz et al. 1998). 
 
Using a fixed-head paradigm, the aim was to investigate if TMS-evoked responses are modu-
lated by optokinetic (visual) stimulation, as in normal conditions visual and vestibular cues 
are coupled.  In the present study TMS will be applied over the SCM motor cortex during 
optokinetic stimulation, to assess corticospinal excitability of SCM. It is hypothesised that 
the responses in SCM will be increased during the visual stimulation. Further, it is anticipat-
ed that there will be a direction specific effect in that any alteration in the excitability of the 
pathways involved will be in keeping with a putative direction of head movement, as it was 
found in the previous study from our laboratory using TMS and vestibular stimulation (Guz-
man-Lopez et al 2011a).  However, during ‘inter-sensory’ conflict visual-vestibular harmony 
is disrupted and the effects of visual and vestibular stimulation could have opposing results 
on neck musculature.  
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5.3 Experiment one 
5.3.1 Material & Methods  
5.3.1.1 Ethics 
The study was approved by the South London REC Office 3 ethics committee. All subjects 
gave written, informed consent and the study conformed to the standards set by the latest 
revision of the Declaration of Helsinki. 
5.3.1.2 Subjects 
Ten healthy subjects with no history of neurological or vestibular abnormalities participated 
in the study; all participants were right handed. All of the participants had full range of mo-
tion in neck movements and were free of musculoskeletal problems or injuries of the neck. 
5.3.2 Recordings 
5.3.2.1 Electromyography (EMG) 
Surface EMG was recorded from the sternal part of the left SCM (L SM) using pairs of self-
adhesive electrodes (Ag/AgCl, 10mm diameter, Henley’s medical, UK). They were positioned 
in line with the direction of the muscle fibres (Falla et al. 2002a), with an inter-electrode dis-
tance of 20mm and applied with the subject in upright sitting position (Falla et al. 2002a). 
The electrodes were positioned one third of the distance along a line from the sternal notch 
to the mastoid process. A ground electrode was placed over the acromion process. EMG re-
cordings were filtered (10Hz-1kHz) and amplified (x1000, ISO-DAM bio-amplifiers, World 
Precision Instruments, Hitchin, UK) before being sampled (2 kHz) by a data acquisition sys-
tem (Power 1401 and Signal v5 software, Cambridge Electronic Design Limited [CED], Cam-
bridge, UK) connected to an IBM compatible computer for subsequent offline analysis.  
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5.4 Protocol 
Subjects were in upright seated position with their head resting on head support (see Fig 
26). The head position was stabilised by a Velcro head band placed around the head. Each 
subject first performed three brief, bilateral maximum voluntary contractions (MVC) of neck 
flexion. During each contraction, the visual feedback device was adjusted so that the maxi-
mum number of lights (ten) of the feedback visual display was lit. During parts of the proto-
col where isometric neck contractions were required, the visual feedback display was used 
by the subject, together with verbal encouragement from the investigator, to ensure con-
sistent levels of voluntary contraction.  
 
5.4.1 Rotating Disc and TMS stimulation 
  
Subjects were in upright seated position with 900 head rotation to the right facing the rotat-
ing disc. The rotating disc used for the visual stimulation was a black disc (diameter 40 cm) 
covered by irregularly spaced fluorescent dots. It was positioned to the right of the subject, 
50cm away and with the centre of the disc adjusted to be at eye level, to provide a full-field 
stimulus. During the experimental procedure, the room was darkened and subjects were 
instructed to focus on the centre of the disc, while the disc rotated at 30°/sec either in a 
clockwise or counter-clockwise direction or was stationary. In this position with the head 
turned to the right, the optokinetic stimulus generates an illusionary feeling of head and 
body rotation in the pitch plane (i.e. falling forwards or backwards). 
TMS was applied over the optimal motor area (hot-spot) contralateral to left SCM (right 
hemisphere) with a figure-of-eight coil (Magstim 2002 with a 5 cm internal diameter, The 
Magstim Company,UK). Initially the TMS coil was located over the presumed hot-spot, 2 cm 
anterior and 8 cm lateral to the vertex, as determined by a previous mapping study for the 
SCM (Thompson et al. 1997a). The hot-spot was found by delivering stimuli at 70-80% MSO 
and moving the coil around until the largest motor evoked potentials (MEPs) were ob-
served. This location was marked on the scalp for consistent placement of the coil. 
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To determine the appropriate stimulus intensity, initially the stimulator was set to 50% max-
imum stimulator output (%MSO) and four stimuli were delivered over the left SCM hot-spot 
whilst the subjects were instructed to maintain 20 % of muscle contraction (using the visual 
feedback display) of EMG levels). To obtain threshold, the stimulation procedures were re-
peated with increasing stimulation intensities (range 60-100% of the maximum intensity) 
with a stepwise increase of 10% until identifiable MEPs were observed in response to 50% 
of stimulus presentations.  The test intensity was then set as 120% of the threshold value. 
The intensity used ranged from 60 to 75% MSO. 
TMS was applied without disc rotation (baseline-stationary disc) and when the disc rotated 
in both clockwise and counter-clockwise with the subjects in the position described above. 
During all experimental conditions the subjects were instructed to maintain 20% of maximal 
muscle contraction (neck flexion), verbal encouragement was provided.  During the rotating 
disc conditions the TMS was applied only when the participants reported rotational feeling 
(vection). The orders of experimental conditions were randomised. 
 
Figure 26: Experimetal set-up. Right hemisphere brain stimulation (TMS) during visual stimulation (rotating disc) 
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5.5 Data Analysis  
 
Measurements of peak-to peak MEP amplitudes were taken from unrectified EMG signals. 
The MEP latencies and areas were measured from rectified EMG traces. The latency was 
recorded as the time at which the EMG rose above the background mean level. The areas 
were measured between the latency and the time point of the return of EMG to background 
levels. Computer scripts were used to automate calculation of peak-to-peak amplitudes, 
MEP latencies and areas after visual identification of MEPs.  
Statistical tests were carried our using SPSS (v.20, IBM, USA) MEPs latencies, amplitude and 
areas in each experimental condition were compared using one way ANOVA statistical anal-
ysis. Normality tests showed the data were normally distributed (Shapiro-Wilk normality 
test passed) and statistical significance was taken when P<0.05. Data are presented as 
mean±SD in the text and mean±SEM in the figures. The amplitude of the MEPs was calculat-
ed as peak-to-peak amplitude. The pre-stimulus mean level of EMG was expressed as a per-
centage of the maximum voluntary contraction of the SCM. 
Control Experiment  
 
In order to exclude any after-effects of the TMS, a control experiment was conducted.  Us-
ing the same experimental set-up, three sets of 10 TMS pulses (separated by 5 minutes) 
were applied to a subpopulation of 5 healthy subjects (who also took part in the main exper-
iment) with the disc stationary; this was repeated on a subsequent day. The result of this 
study shows that the excitability of the SM muscle is not influenced by the TMS alone (see 
data in appendix 3). 
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5.6 Results 
5.6.1 Latencies of the EMG Responses  
The mean MEP latency for the L SM was 9.8 msec (±0.9 msec). There were no significant dif-
ferences between the experimental condition (F(2,29)=1.627, P=0.227, see Fig. 27).  
 
 
Figure 27:  Mean (±SEM) latencies of the EMG responses of the LSM following right hemisphere brain stimulation 
(TMS).Blue bar:TMS alone (disc stationary), Red bar: TMS following clockwise disc rotation, Green bar: TMS following coun-
ter-clockwise disc rotation 
 
5.6.2 Effects of the optokinetic stimulation on TMS evoked MEPs  
The amplitude of the MEPs in L SM were significantly reduced following visual stimulation 
(rotating disc) (F(1,29) = 7.629, P=0.004). Comparing the TMS alone with TMS and OKN the 
MEP amplitudes of the EMG responses were significantly smaller when the OKS is presented 
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either clockwise (t= 3.047, P=0.014) or counter-clockwise (t= 3.640, P= 0.006) (see Figs 28 & 
29). The peak-to peak amplitudes are summarized in Fig28. 
 
 
Figure 28: Mean (±SEM) Peak to peak MEPs amplitude of the LSM applying right hemisphere TMS stimulation. Blue 
bar:TMS alone (disc stationary), Red bar: TMS following clockwise disc rotation, Green bar: TMS following counter-
clockwise disc rotation 
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 Figure 29: Grand Average (N=10 subjects) unrectified EMG traces from left SM following right hemisphere TMS stimulation. 
Top trace TMS alone, middle trace: TMS following clockwise disc rotation, bottom trace: TMS following counter-clockwise 
disc rotation 
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5.6.3 Response area (area under the curve)   
The areas of the MEPs were smaller when the disc was rotating than when the disc was sta-
tionary (F (2, 29) = 6.350, P=0.008). However there were no significant differences in the areas 
of the EMG between disc experimental conditions (clockwise-counterclockwise) (t=0.00875, 
P=0.993) (see Fig. 30). 
 
 
 
 
 
 
 
 
 
 
 
 
 
In addition there was a good correlation between the MEP amplitudes measured from un-
rectified data and response area measured from rectified traces (see Fig.31). Amplitudes 
could remain unchanged and duration could increase, thereby increasing the area. Con-
versely, duration could increase, but amplitude could remain the same, again showing an 
increase in area. This is useful comparison, if one changes and one doesn’t as it can be ex-
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Figure 30: Mean (±SEM) area of the responses in healthy subjects’ LSM following 
right hemisphere brain stimulation (TMS). Top trace TMS alone, middle trace: TMS 
during clockwise disc rotation, bottom trace: TMS during counter-clockwise disc 
rotation 
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plained that the response “size” increased by an increase in duration or an increase in am-
plitude. 
 
 
 
Figure 31: Correlation between the peak-to peak MEPs amplitude (unrectified data) and response area (rectified data) of 
the LSM. The data are normalised to the appropriate static experimental conditions (unrectified or rectified). 
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5.6.4 Pre stimulus mean 
There were no differences in pre-stimulus mean EMG between the experimental (with and 
without visual motion) conditions (F (1,29) = 1.912, P= 0.177, see Fig 32).  
 
 
Figure 32: Mean (±SEM) of the prestimulus level of the LSM between experimental conditions. 
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Experiment two 
 
5.7   The effects of visual motion (optokinetic stimulation) on ves-
tibulo-spinal excitability 
 
The previous experiment (rotating disc effect on TMS neck motor responses) showed a bi-
lateral, non-direction-specific reduction in TMS-evoked MEPs in SCM.  In order to attempt to 
further investigate these previous findings of a decrease in motor cortical excitability during 
visual motion stimulation, an additional experiment was conducted. The aim of this study 
was to see if the vestibulo-spinal loop is modulated when a disorientating visual stimulus 
such as rotating disc is applied. On the basis of the ‘inter-sensory conflict’ elicited by the vis-
ual stimulus, and published fMRI findings showing reciprocal inhibition between visual and 
vestibular cortices (Brandt et al. 1998; Cutfield et al. 2014; Kleinschmidt et al. 2002) if visual 
motion stimuli decreased cortical TMS excitability, vestibular responses may be upregulat-
ed.  As no established technique of eliciting cortically-based vestibular responses is available 
I decided to use acoustic VEMPs.  The vestibulospinal loop can be investigated using acous-
tic cVEMPs because the otolithic organs are stimulated by loud sound (clicks) and time-
locked responses are observed in the SCM ipsilateral to the click sound. The responses are 
reflective of the VCR, which contributes to head stability (VCR) (Colebatch and Halmagyi 
1992; Colebatch et al. 1994; Colebatch and Rothwell 2004). 
5.7.1 Material & Methods  
5.7.1.1 Subjects 
Eight healthy subjects (mean age 33) without history of neck injury and neurological or ves-
tibular abnormalities participated in the present experiment. The neck range of motion was 
normal. 
5.7.2 Recordings- cVEMPS 
A custom made system delivered air-conducted sound (500Hz tone bursts, duration 8 msec 
at 110dB/nHL (nHL:normal hearing level ). monaurally into the left ear via audiological 
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headphones and electromyographic (EMG) activity was recorded from the left SCM. One 
active surface EMG electrode was placed over the muscle belly.  A reference electrode was 
positioned over the clavicle and a ground electrode was positioned over the sternum. Skin 
impedence was kept below 5KΩ by careful preparation of the skin. 
For the recording of cVEMPs subjects turned their head to the right and produced a low lev-
el of EMG activity in the left SCM by performing left lateral flexion, feedback of EMG activity 
was provided by the experimenter to ensure consistent levels of contraction.  
5.7.3 Visual stimulus 
The visual stimulus used was the same as in the previous experiment (rotating disc). The disc 
rotated in both clockwise and counterclockwise direction at 300/sec . 
5.7.4 Protocol 
 
The experimental set up and subject positioning was the same as in the previous experi-
ment. Acoustic cVEMPs were evoked via sound applied to the left ear with and without disc 
rotation. Two hundred clicks were delivered under each experimental condition (static disc, 
rotating disc CW, rotating disc CCW). 
5.7.5 Data Analysis 
 
Unrectified EMG activity was averaged (n=200 frames) and peak-to peak amplitude and la-
tencies were measured from the average traces.  Computer scripts were used to automate 
calculation of peak-to-peak MEP amplitudes after visual identification. Amplitudes were 
normalised to those obtained under stationary disc condition. Due to small sample size the 
data were non-normally distributed (Shapiro-Wilk, P<0.05). Therefore, Friedman one-way 
ANOVA on ranks was performed using SPSS (v.22, IBM, USA) with pairwise post-hoc tests 
(Tukey). Data from subjects reporting vection were analysed. Data from the two subjects 
who reported no vection (rotational sensation) during disc rotation were excluded from 
analysis. 
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5.7.6 Results  
The results show that the cVEMPs amplitudes were enhanced following visual stimulation 
(rotating disc).  
Friedman repeated measures ANOVA on ranks was performed and revealed a significant 
difference between cVEMP amplitudes under the different experimental conditions 
(P<0.001). Multiple comparison tests (Tukey) revealed differences in cVEMP amplitudes be-
tween the static condition and both the CW (q= 4.596, P<0.05) and CCW (q=3.889, P<0.05) 
rotating disc conditions (P<0.05), with higher cVEMP amplitudes during the rotating disc 
conditions. However, there were no differences in cVEMP amplitudes between the two ro-
tating disc conditions (P>0.05) (see Fig. 33).  
  
Figure 33: cVEMPs amplitudes in LSCM. The data are normalised to the appropriate static experimental condition. * P<0.05 
with respect to the static condition. 
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 5.8 Discussion  
In this study the effect of visual- motor loop (first experiment) and the effect of visual-
vestibular loop of head-neck control will be discussed. 
The first experiment investigated how the corticospinal excitability of the L SM is influenced 
when visual motion (disc rotation) was delivered. Applying TMS over the right hemisphere 
evoked MEPs in the contralateral SM at ( ̴10 msec); consistent with latencies reported pre-
viously (Gandevia and Applegate 1988; Guzman-Lopez et al. 2011a) 
Results from the first experiment show that the MEP amplitudes were significantly smaller 
during the rotating disc condition than in the static disc condition. However, there was no 
effect of direction, i.e. the responses were smaller regardless of disc rotation direction. The 
initial expectation (based on previous work using vestibular stimulation - (Guzman-Lopez et 
al. 2011a) was that there would be a direction specific effect; this was not the case for the 
optokinetic stimulus. The reduction in MEPs size was not due to a change in the background 
level of EMG activity, as this was controlled for. Finally, the latencies were not different be-
tween experimental conditions (static vs rotating disc), implying the same pathways were 
involved in producing the responses under the different experimental conditions. 
Given that TMS produces direct stimulation of the cortico-spinal system and the disc must 
act via stimulation of the visuo-occipital cortex, the experiment described in this chapter can 
be considered to be probing cortical function. The reduction in the cortical excitability of the 
SCM, following illusionary visual stimulation, suggests a reduced drive from the motor cor-
tex.  How can this be explained?  
It is well known, experimentally and from simple introspection, that when a large object be-
gins to move next to us, we can experience an illusion of self-motion.  This illusion, called 
vection, is what we experience when a train next to the one we are sitting in pulls out from 
the station.  This illusion is counteracted when we place more “weight” to other sensory 
signals that confirm that we are not moving; e.g. the vestibular and proprioceptive system 
will indicate that we did not move and, hence, conclude that the self-motion was actually 
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illusory.  Indeed, using similar visual stimuli to the one that used here (a rotating disc) fMRI 
experiments have shown that during object vs illusory subject motion different patterns of 
CNS activation correlate with the different perceptual states (Kleinschmidt et al. 2002).   
Postural experiments also confirm an internal “switch” from a visual mode of balance con-
trol to a more ‘inertial’ (vestibulo-proprioceptive) postural control (Bronstein 1986; Guerraz 
et al. 2001). It is therefore plausible that the overall, non-specific reduction in visual-cortical 
output described in the first experiment is a reflection of this internal switch:  the cortex and 
the visual system is down-regulated due to the presence of an ‘unreliable’ visual stimulus 
that, essentially, cannot be trusted as will be expanded and referenced below.   
Visual cues are key factor for accurate spatial orientation.  Studies have shown that when 
the visual cues are altered postural stability is impaired (Bronstein and Pavlou 2013; Wade 
and Jones 1997). Previous studies have shown that proprioceptive afferents of the neck 
muscles have a critical role in head orientation either to the trunk or other adjustments of 
the head position regarding gravity or subjective visual vertical (SVV) (Borel et al. 2002; 
Guerraz  et al. 2000).  In addition has been supported that the perception of head position 
requires integration of visual and vestibular system(Goldberg et al. 2012).  
According to the sensory reweighting theory (Assländer and Peterka 2014; Nashner and 
Berthoz 1978) as visual cues are disrupted/reduced, vestibular and somatosensory inputs 
from neck muscles could be up regulated to increase head stability.  
It was hypothesised that during the rotating disc condition cortical excitability of the SCM 
would be enhanced. This was expected because during the rotating disc conditions all of the 
subjects experienced rotational sensation. Further we expected a direction specific effect 
given that the subjects reported direction dependant subjective effects in this and previous 
studies (e.g. Guerraz et al 2001).  
On this basis, the first study proposes that, if the visual and cortical mechanisms are down-
regulated during disc motion, the vestibulo-spinal mechanisms will be enhanced.  This hy-
pothesis was tested in the second experiment. 
Results from the second experiment showed that the amplitudes of the acoustic cVEMPs 
were larger during the disc rotating condition.  These data, from the cVEMP study indicate 
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that the vestibulo-spinal reflexes are enhanced during optokinetic stimulus.  It therefore ap-
pears that, in healthy participants, when visual cues are disrupted the vestibular system be-
comes activated, possibly in order to compensate.  
However the power calculation analysis showed that in order to find a difference in cVEMPS 
amplitudes between clockwise and counter-clockwise experimental conditions as significant 
(with power of 0.8 and alpha of 0.05), 10 subjects are required. It is therefore likely that the 
lack of difference in cVEMPS responses under the two disc conditions could be due to small 
sample size in sample (type II error). 
In summary, in the first experiment corticospinal excitability of the SCM was investigated 
during visual motion stimulation (rotating disc). In the second experiment (cVEMP study), 
the vestibulo-spinal loop was tested with the same visual stimulus. The corticospinal excita-
bility of the SCM significantly decreased during optokinetic stimulation. However the ves-
tibulo-spinal excitability recorded by the SCM muscle (VCR) increased during optokinetic 
stimulation. Taken together these data suggest that when the visual-cortical loop is sup-
pressed the visual-vestibulo-spinal loop via the brain stem is up-regulated to provide head 
postural control.  The results appear to illustrate a specific case (neck postural control) of 
the general theory that visual-cortical and vestibulo-cortical mechanisms reciprocally inhibit 
each other (Brandt et al. 1998).  
 
Limitations of the studies 
 
In the first experiment, the only muscle recorded from was SCM. It is possible that compen-
satory strategies from other neck muscles such as trapezius or trunk muscles could be in-
volved; however, these were not recorded from. In addition, in the second experiment, our 
results are limited due to small sample size. 
Further clarification of the underlying mechanisms responsible for the alteration in excitabil-
ity is needed. Furthermore, studies in patients with unilateral and bilateral vestibular dys-
function will provide further evidence of functional interactions between the various sys-
tems involved in head control. 
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Chapter 6 
The effect of visual motion adaption on visual cortical excitability  
 
The previous chapter showed that whilst applying an optokinetic stimulus such as a rotating 
disc the corticospinal excitability of the neck muscle is decreased.  In addition in the previ-
ous chapter postulated that the excitability of the visual cortex is changed after rotating disc 
visual stimulation.  However, a review of the literature showed that little is known on the 
effects of visual motion stimulation on visual cortex excitability.  
In this chapter changes in cortical excitability of visual areas applying a visual stimulus using 
a random dot kinetogram (RDK). We used a RDK since this allowed us to titrate the degree 
of randomness of the visual stimulus so that either coherent motion (liable to cause a vec-
tion sensation) to a random motion (that would not cause vection but still affect visual cor-
tical excitability) could be applied. In essence, this study allowed the impact of visual motion 
stimulation on visual cortical excitability to be assessed.  
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6.1 Abstract 
Objectives:  In Chapter 5 the effects of visual motion stimulation on corticospinal excitability 
were investigated. Here the effect of visual stimulation upon visual cortical excitability was 
investigated, which was likely altered during the experiments conducted in Chapter 5. .  
Aim: To investigate to assess the effect of visual motion stimulation upon visual cortex area 
V1 and V5 excitability. A common approach to assess change in excitability is to assess ex-
citability at baseline and to repeat the assessment after some event or intervention. In the 
current experiments the intervention is exposure to 2 minutes of visual motion. The effects 
of visual motion on visual cortical excitability were assessed the effect upon change in excit-
ability (i.e. post- vs. pre-intervention) of (a) the effect of the probe TMS intensity and (b) the 
coherence of the RDK.  
Methods: Eight healthy subjects participated in this study. Subjects were seated comforta-
bly in a chair and rested their face on an adjustable chinrest with forehead support mounted 
on a purpose built H-frame stand. Randomly moving dot kinetograms (RDK) were presented 
on a monitor viewed from a distance of 28.5 cm. Visual cortical transcranial magnetic stimu-
lation (TMS) can elicit a percept of a flash of light called a phosphene. The probability of see-
ing a phosphene increases as the TMS intensity increases (as a % of maximum stimulator 
output “MSO”). There were three TMS conditions based upon the TMS intensity titrated to 
obtain a specific proportion of phosphenes at baseline, being 0.5, 0.7 and 0.9. The same 
TMS intensity was then used within each experiment and trial run to assess the probability 
of seeing a phosphene after the particular intervention. Hence if a subject performing a run 
with a baseline probability of seeing a phosphene set at 0.5 then saw phosphenes at a P of 
0.7 after the intervention, then this suggests that the intervention caused an increase in 
phosphine reports from which we infer an increased visual cortical excitability post-
intervention. Specifically, 20 TMS pulses were delivered in each TMS threshold (0.5, 0.7 and 
0.9) at baseline and then after 2 minutes of optokinetic stimulation. Subjects initially com-
pleted all testing sessions for V5/MT trials and thereafter sessions for V1 trials. Static dots 
were applied as a control condition 
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Results: There was a statistical significant effect of the different TMS threshold induced vis-
ual adaptation only with moving (F (3, 24) = 6.11, P = 0.0006) dots. Two way ANOVA showed 
significant interaction revealed only between the different levels of TMS threshold for ran-
dom dots (F (2, 23) =23.387, P=0.001) and no for the static dots. For 0.5 TMS Threshold sig-
nificant effects were recorded for random dots for both visual areas V1 
(df=7,t=4.580,P=0.006) and V5 (df=7,  t=10.096,P=0.001). 
Conclusion: The results of the present study show that (i) overall excitability changes post-
visual motion adaptation is congruous between V1 and V5/MT+ implying a mainly V1-
mediated effect and  ii) baseline phosphene threshold  (Pphos =0.5) is optimal  threshold in 
order to observe changes in visual cortex  
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6.2 Introduction 
 
The cortico-spinal changes induced by visual motion stimulation were described in Chapter 
5.  In this chapter we will attempt to define what cortical changes are induced in visual areas 
of the occipital lobes.  The visual cortical responses to TMS allow a functional characterisa-
tion of these cortical areas. The response elicited by TMS to a visual cortical region, manifest 
by a perceived flash of light called a ‘phosphene’, reflects the function of that visual cortical 
area (Kammer 1998). For example, stimulation of visual motion cortex area V5 results in 
moving phosphenes that are large and peripherally located. These characteristics reflect the 
involvement of area V5 in processing visual motion, particularly of large visual objects. The 
ease with which one can elicit a phosphene also reflects the instantaneous excitability at 
that cortical region (Antal et al. 2003). The minimum TMS intensity that required inducing 
phosphenes defined as phosphenes threshold. 
The effects of the TMS have been correlated with fMRI data (McKeefry et al. 2009). Both 
V5/MT+ and V1 have receptive fields sensitive to the direction of visual motion (Mante and 
Carandini 2003; Mikami et al. 1986; Moutoussis and Zeki 2008; Snowden et al. 1991) and it 
is also suggested that a continuous feedback between visuo-cortical areas is necessary for 
conscious visual process  (Bullier 2001; Lamme 2004; Lamme and Roelfsema 2000).  In addi-
tion, it has been shown that conscious visual perception of motion signals requires recurrent 
feedback between V5/MT+ and V1 (Block 2005; Pascual-Leone and Walsh 2001).  
Applying TMS over the V5/MT area moving phosphenes are induced on the contralateral 
visual hemifield. Studies with visual adaptation stimuli and TMS reveal that phosphenes in-
duced from V5/MT contain either radial or translational visual motion depending on the 
adapting stimulus (Silvanto and Muggleton 2008). 
Conversely, it seems that the neural network of V1 is more sensitive only to translational 
visual motion. Thus applying TMS over the primary visual cortex (V1) stationary phosphenes 
in the centre of the visual field are induced (Silvanto et al., 2007, Silvanto and Muggleton, 
2008). For example using an imaginary clock stimulating the left V5/MT brain area moving 
phosphenes will be present around 3.00-3.15 o’clock. Stimulating the V1 brain area phos-
phenes like a bright line are presented in the middle of the imaginary clock. 
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Previous studies shown that adapting to a visual presentation of random dot kinemato-
grams (RDK) resulted in an increase in V5/MT+ excitability when using a baseline phosphene 
threshold of Pphos = 0.5 (Guzman-Lopez et al. 2011b; Guzman-Lopez et al. 2011c). More re-
cently, a study has shown that the excitability of the V5/MT visual area is increased after 
vestibular caloric stimulation (Seemungal et al. 2013). 
In the current study, we independently probed changes in cortical excitability in both V5/MT 
and V1 in response to visual motion.  The main hypothesis of the present study is firstly that 
V1 and V5/MT show differential effects to random vs coherent visual motion and secondly 
that baseline TMS probe strength is important in determining the direction of effect of some 
intervention on brain excitability.    
We used the probability of phosphene perception (Pλ) with TMS prior to and after presenta-
tion of random dot kinematograms (RDK) to discern changes in excitability of these cortical 
areas (Guzman-Lopez et al. 2011c).  
This is an important investigation as understanding the relevance of the initial and final 
states of visuo-cortical activity is vitally important to understanding the effects induced by 
an intervention such as a visual motion stimulus 
 
6.3 Materials & Methods 
 
Eight healthy subjects were recruited (two male) mean age 29 (±9). All subjects were right 
handed. All subjects had experienced TMS-induced phosphenes before.  All subjects gave 
informed consent prior to participating in the study, which had been approved by the local 
National Health Service Research Ethics Committee.  
 
6.3.1 Visual Adaptation-Random dot kinematograms (RDK) 
 
Moving dot kinematograms were presented on a 17 inch CRT monitor (resolution 800 x 640 
pixels) viewed from a distance of 28.5 cm (subtending 62° horizontal field of view). Random 
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dot kinematograms (RDK) were presented on a Mitsubishi Diamond Pro 2070 CRT monitor. 
Each RDK consisted 100 white dots moving across a black background which filled the whole 
CRT display.  Each moving dot was circular with a radius of 5 pixels and subtended a visual 
angle of 0.44°.  The dots were randomly assigned a start position on the screen and each dot 
was randomly assigned a linear motion direction drawn from a Gaussian distribution with a 
mean dot motion trajectory of either 45° (up and right) or 135° (up and left) in the frontal 
plane. The standard deviation (SDdots) of the Gaussian distribution, from mean dot motion 
trajectory (µdots) was randomly either SDdots = 1°, SDdots = 32°, SDdots = 64°, SDdots = 128°. At 
the centre of the display was a static fixation circle (radius 15 pixels, subtending a visual an-
gle of 1.32°).  Each visual stimulus filled the whole screen and was presented for two 
minutes. Subjects were in upright seated position. Head stabilisation provided by a chinrest, 
forehead support and lateral head restrains mounted upon a purpose built frame.  
6.3.2 TMS -Phosphene Localisation  
 
TMS stimulation was provided by a Magventure Mag-Pro (Model X-100) device via a figure 
of 8 coil (MC B70) set to biphasic output.   The TMS coil was positioned and then held in 
place via a flexible but rigidly lockable arm. TMS biphasic pulse waveform applied over pri-
mary visual cortex (V1) and left V5/MT visual cortex. Left V5/MT visual cortex have been 
chosen because has been reported by previous studies that  stimulating the left V5/MT 
phosphenes more readily  phosphenes are elicited than stimulating  right V5/MT+ (Antal et 
al. 2001; Beckers and Homberg 1992). 
To localize the primary visual area (V1), the TMS coil was position approximately 2cm above 
the inion in the midline. To localise the left V5/MT area the TMS coil was initially positioned 
3cm above inion and 5cm laterally, left of inion. In three subjects the coil was moved within 
a 3cm x 3cm grid until moving phosphenes were most vividly perceived (Guzman-Lopez et 
al. 2011c). This localization approach has been consistent with fMRI studies (Thompson et 
al. 2009). In all testing sessions, phosphenes were localised by first stimulating V1. 
The phosphenes had to be observable with eyes open and eyes closed (Kammer and 
Baumann 2010). Phosphene observation took place in the dark with eyes open.  Wide angle 
occluding goggles were worn by subjects to prevent exposure to any residual low level am-
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bient illumination. They were easily removed from line of sight for viewing the random dot 
kinematogram. TMS coil was oriented with the handle horizontal and directed left of the 
coil, lateral to the location being stimulated. With the TMS stimulator used this would in-
duce a maximal stimulation of cortex (Meyer et al. 1991). This coil orientation was main-
tained throughout all trials in the study.  
Aiming to elicit strong perception of phosphenes the TMS strength was initially set at 70% of 
maximum TMS output intensity and in all subjects increased to 80% given comfortable tol-
erance of the TMS pulse at this strength. Coloured (usually white or grey) phosphene, bi-
secting the sagittal plane and appearing in the lower visual hemifield ???????? ??????
Silvanto et al. 2007b)  are evoked stimulating V1 and moving phosphenes, with lack of col-
our phosphenes are evoked stimulating V5/MT (Schwarzkopf et al. 2011; Silvanto and 
Muggleton 2008). 
 
Figure 34: Location of TMS brain stimulation for left V5/MT brain area (2 cm above the inion and 5 cm lateral). All subjects 
perceived phosphenes in the visual field contralateral to the stimulated hemisphere (green line). The dotted black line indi-
cates the centre of the visual field. 
6.3.3 Baseline Phosphene Threshold (P?) 
This phase of the procedure was repeated identically for visual motion area V5/MT+ and for 
primary visual cortex V1. 
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The individual phosphene threshold was established in the dark with eyes open by modified 
binary search algorithm (MOBS) (Tyrell and Owens 1988).The MOBS technique is an adap-
tive, non-parametric procedure for estimating thresholds. In order to determine the phos-
phene threshold (Pλ), a push buttons was used and participants were asked to report pres-
ence or absence of phosphenes by pressing the “yes” button or “no” button in each TMS 
pulse. The MOBS program worked within an adaptive bounds structure and would continue 
to adapt the TMS pulse intensity to the subject’s successive responses, taking a mid-point 
value each time to work on a PPhosp = 0.5 threshold estimate.   It would terminate its esti-
mate after five reversals of the subject’s response. At the start of a trial, the bounds of the 
program were set at 80% (upper) and 0% (lower) of the maximum output intensity of the 
TMS stimulator. If a subject responded that they had perceived a phosphene from this 
pulse, the program would decrease the intensity of the next TMS pulse to 25% maximum 
output intensity (taking 50% as the new upper bound and maintaining 0% as the lower 
bound).  However, if the subject indicated that they had not perceived a phosphene, the 
program would increase the intensity of the next TMS pulse to 75% (taking 50% as the new 
lower bound). Hence, the program would continue to adapt the TMS pulse intensity to the 
subject’s successive responses, taking a mid-point value each time to work on a PλB =0.5 
threshold estimate. It would terminate its estimate after five reversals of the subject’s re-
sponse.  
Using this estimate of the PλΒ = 0.5 threshold as an index, subjects were then randomly 
probed for PλΒ = 0.5, PλΒ = 0.7, PλΒ = 0.9 threshold, respectively.  In the cases of obtaining the 
Pλ = 0.7 and Pλ = 0.9 thresholds, initial increments of 4% and 6% of maximum output intensi-
ty of the TMS stimulator were added, respectively. 
Twenty TMS pulses at 6 second intervals, which lasted 2 minutes, were applied in each TMS 
threshold. At each pulse they again responded as to whether they observed a phosphene or 
not. The amount of phosphenes observed divided by the total 20 TMS pulses delivered was 
taken as the current Pλ.  In all cases, an initial trial of 20 TMS pulses was used to elicit a Pλ 
threshold estimate.  
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 6.4 Experimental Protocol 
The experimental procedure was the same for each subject for both visual areas.  
Primary visual area (V1) was stimulated first. The phosphenes baseline was measured by 
MOBS algorithm.  After the ‘baseline’ threshold (PλB) was elicited, the subjects were pre-
sented with a visual motion discrimination task on a computer monitor (random-dot kine-
matogram) for a period of 2 minutes. Subjects were instructed that for the duration of the 
task they must look in a fixation point in the centre of the screen (unfilled fixation circle). In 
addition they instructed to be aware of the visual stimuli but no follow the moving dots with 
their eyes.  Consequently, with 10 seconds remaining of the 2 minute task, subjects were 
requested to give a two-alternative forced choice (2AFC) response of the mean dot motion 
they perceived, which was recorded.  For simplicity they were asked to indicate ‘left’ for the 
45˚ mean dot motion condition and ‘right’ for the 135˚ mean dot motion condition.  Imme-
diately after the OKN twenty (20) TMS pulses were applied over the visual cortex.  These 
were delivered at the same rate, TMS intensity and duration as used to obtain the Pλ 
threshold.  The quotient of phosphenes observed out of the total 20 TMS pulses delivered 
constituted the ‘post’ threshold to phosphene perception (PλP).  
After each TMS trial the subjects were asked to describe the visual motion (left/right), the 
shape, location and the brightness of the phosphene.  In addition subjects were asked to 
draw the phosphenes they had seen. Reliable was the subjects who describe phosphehes in 
the correct visual field. 
In summary, during the experimental procedure, forty-eight randomised trials were per-
formed per subject of successive Pλ threshold; random-dot kinematogram; Pλ threshold.   
These trials comprised four independent variables: visual cortical area stimulated (V5/MT or 
V1); dot motion coherence of kinematogram presented (SDdots = 1°, SDdots = 32°, SDdots = 
64°,SDdots = 128°); relative intensity of TMS used to elicit Pλ threshold (PλB = 0.5, PλB = 0.7, PλB 
= 0.9); and direction of mean dot motion trajectory (45˚ or 135˚ in the frontal plane).  The 
dependent variable was Pλ threshold.  
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In addition in order minimize cumulative effect of TMS pulses over the visual cortex 
(Stamoulis et al. 2011) 30 minutes break was provided between trials. In addition only one 
session for each RDK motion coherence (pre and after OKN TMS) was performed per a day.   
 
Figure 35:  Experimental procedure. TMS over V1& V5/MT brain areas following RDK visual adaptation  
6.5 Control Experiment 
The aim of the control experiment was to clarify the effects of visual adaptation in each vis-
ual area and to exclude any cumulative effects of the TMS. Using same experimental proce-
dure as before only static dots was used as a visual stimulus for the control experiment.  
Baseline threshold was measured via MOBS as before. Four more trials were performed per 
subject of each TMS threshold (Pλ) and each random dot kinetogram experimental condi-
tion.  
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After the baseline threshold (PλB) was elicited, the subjects were presented with a visual 
static dots task on a computer monitor for a period of 2 minutes. Subjects were instructed 
that for the duration of the task they must look in a fixation point in the centre of the 
screen. Thus the phosphene probability was measured before and after static dots. This 
procedure was conducted for each TMS threshold (0.5, 0.7, and 0.9).  
6.6 Results 
For the statistical analysis data were analysed by using 2x3 ANOVA based on the following 
three factors: TMS intensity (0.5, 0.7, 0.9) and Visual Area (V1, V5) and visual motion. The 
results are presented as a mean values with standard error of the mean (SEM), p<0.05 was 
considered as significant. Data analysis performed upon the gain data averaged across all 
subjects ( λP λB),  between the four PλB threshold levels ( PλB = 0.5, PλB = 0.7, PλB = 0.9). All 
results are Bonferoni corrected. 
6.6.1 TMS and Visual Adaptation 
Overall, with the combined Visual areas data (both V5 and V1) multiple pairwise compari-
sons were made between the levels of TMS threshold are used (0.5, 0.7, 0.9). There was a 
statistical significant effect of the different TMS threshold induced visual adaptation only 
with moving (F (3, 24) = 6.11, P = 0.0006) dots. Furthermore, following visual adaptation by 
moving dots, facilitatory effects are observed in low TMS intensities (0.5) while it seems that 
it shift towards to inhibition in high intensities (0.7, 0.9).Two way ANOVA showed significant 
interaction revealed only between the different levels of TMS threshold for random dots 
(F(2,23)=23.387, P=0.001) and no for the static dots.  
In addition no significant differences between the left and right visual motion for both visual 
areas. More specific Post Hoc comparisons show that both visual adaptation, due to the 
moving dots, ef-fects and the TMS interaction effects are significant different between the 
following TMS threshold:  0.5 TMSThershold - 0.7 TMSThershold  (t=4.666, P=0.017) , 0.5 TMSTher-
shold - 0.9 TMSThershold  (t=4.999, P=0.012)  and 0.7 TMSThershold - 0.9 TMSThershold 
(t=4.052,P=0.029)  ( Fig. 36). In addition, there are no significant interactions for the control 
condition (static dots) (see Fig.37). 
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 Figure 36: Overall interaction between the control (static) vs Random dot visual motion across TMS experimental condi-
tions (brain areas and visual motion direction) 
 
Figure 37: Phosphene Probability (P?) following TMS at different threshold (0.5, 0.7, 0.9)  in V1 and V5/MT in the control 
experimental condition (static dot). Dark Blue line: V1 & light blue line: V5/MT 
123 
 
Experimental (moving dots) vs control (static) conditions comparison showed that both vis-
ual adaptation effects and the TMS interaction effects are significant for 0.5 TMSThreshold 
(t=4.043,P=0.01)  (see Fig. 38). 
 
Figure 38:  Visual motion (V1/V5) vs Control static dots  in different TMS threshold 
6.6.2 Different Coherence RDK vs Static dots effects in different TMS thresholds 
The effects of the control condition (static dots) vs random dots at difference TMS intensi-
ties for both visual areas V1 and V5 were tested by Paired sample test.  
For the 0.5 TMSThreshold significant differences were recorded for both visual areas V1 
(df=7,t=4.580,P=0.006) and V5 (df=7,  t=10.096,P=0.001). There are no significant differ-
ences for the other TMS thresholds (see Figs 30 & 40).  
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Figure 39: Comparison of the effects of different TMS intensities to the static vs ran-
dom dots  on the primary visual area V1. 
Figure 40: Comparison of the effects of different TMS intensities to the static vs ran-
dom dots on the V5/MT brain area 
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6.6.3 Coherence Visual Adaptation-TMS 
The ???????????????????????????????????????????????????????????????????????????????????? in 
comparison with static dots. However there was a big variability between different coher-
ence conditions.  
Primary Visual Area (VI) 
During coherent visual adaptation (SD1), phosphene probability significantly decreased in 
high threshold TMS intensity (0.9) compering with 0.7 TMS threshold (t=3.214, df=7, 
P=0.024) and 0.5 TMS threshold (t=2651, df=7, P=0.045). Reducing the level of coherence 
(SD32), similar significant effects recorded between the highly TMS intensity (0.9) and TMS in 
threshold level (0.5) (t=4.075, df=7, P=0.01). Increasing the randomness of the moving dots 
(SD64), borderline significant differences showed (t=2.416, df =7, P=0.05) between 0.9 and 
0.5 TMS thresholds. Finally there are no significant differences for highly random visual mo-
tion SD128 (Fig. 41). 
 
Figure 41: Different Coherence Visual Motion in different TMS threshold in V1 visual area 
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V5/MT Visual Area 
The interaction between TMS threshold and visual motion effects is slightly different in V5 
than V1 brain area.  
Significant different effect of the different TMS intensities recorded, again, between high 
threshold TMS (0.9) and TMS at threshold level (0.5) in less random moving dots (SD64) 
(t=2.896, df= 7, P=0034). In addition, following visual adaptation in highly random visual mo-
tion SD128 the phosphene probability is significantly decreased in high threshold TMS (0.9) 
compering with 0.7 (t=3.050,df=7,P=0.028) and 0.5  (t=3.807,df=7,P=0.013) TMS threshold. 
In contrast with V1, less random visual motion (SD1) appears to have no significant effect. 
Only for SD32, borderline significant effect recorded between high TMS intensity (0.9) and 
TMS at threshold level (0.5) (See Fig 42).
 
Figure 42: Different Coherence Visual Motion in different TMS threshold in V5/MT visual area 
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6.7 Discussion 
 
 This study simultaneously investigated the effects upon visuo-cortical excitability of  i) the 
intervention of visual motion stimuli (Random Dot Kinetograms)  and ii)  TMS strength as it 
is used as a probe of such visual-cortical excitability.  
The results of the present study indicate that the cortical excitability at 0.5 TMS threshold 
level of both visual areas increased after random dots visual motion compared with the stat-
ic dots. In addition found that changes in cortical excitability after Random Dot Kinetogram 
(RDK) presentation were dependent upon baseline phosphene threshold (Pphos) level, and 
that these changes were congruent across both V5 and V1 visual areas. No changes in corti-
cal excitability across different baseline TMS thresholds were observed after the static dots 
in both visual areas.  
More specific the cortical excitability in V1 & V5/MT is differentially modulated by RDK visu-
al motion adaptation only at baseline TMS phosphene threshold (TMSThreshold 0.5). In addi-
tion our data shows that the excitability of the visual cortex is increased when low intensity 
TMS applied over both visual areas after RDK visual adaptation. On the other hand, high 
TMS intensity had inhibitory effect during all visual adaptation conditions (coher-
ent/incoherent) in both visual areas. However, it is unclear if these inhibitory effects are due 
to ceiling effects that might be induced at higher TMS threshold. 
The similar changes in phosphene probability  in V5 and V1, across different baseline TMS 
threshold levels, which observed in the current study, suggests that there is a shared neu-
ronal circuitry between V5 and V1, (Bullier 2001; Lamme 2004; Lamme and Roelfsema 
2000).  
The important role of V1 visual area in phosphenes perception has been tested by many re-
searchers. Studies in healthy blind individuals have shown that V1 activity is essential for the 
awareness of phosphenes evoked by stimulating V5/MT (Pascual-Leone and Walsh 2001; 
Silvanto et al. 2007a; 2005). Imaging studies showed that V1 neural network is involved to 
visual perception when illusionary visual stimulation is applied (Muckli et al. 2005). The 
functional interaction between the two visual areas strongly suggests that there is a func-
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tional “feedback loop” between the primary visual area (V1) and brain areas which are more 
sensitive to visual motion such as (V5/MT).     
Interestingly, has been reported that  phosphenes can be elicited applying TMS over the pa-
rietal cortex (Marzi et al. 2009). The physiological differences between parietal and V1 
phosphenes have been tested by imaging studies (Fried et al. 2011). Using fMRI same au-
thors reported that the characteristics of the V1 and parietal phosphenes were very similar, 
thus they suggested that there is a common neural network between the two brain areas. 
Despite the high variability between coherence conditions, it seems that primary visual area 
(V1) is more sensitive in more coherent visual stimulation (Harrison et al. 2007; McKeefry et 
al. 1997).  In contrast the V5/MT responds more in less coherent visual stimulation. Fur-
thermore the results of the current study are in accordance with our previous studies that 
showed that the exitability of the V5/MT is increased after RDK visual adaptation (Guzman-
Lopez et al., 2011b, Guzman-Lopez et al., 2011c). It has been shown that the frequency of 
V5/MT elicited phoshenes is increased after random visual motion. Adapting in more ran-
dom visual motion the phosphene probability (Pλ) was increased in contrast will coherent 
visual motion (Guzman-Lopez et al. 2011c).  
It has been suggested that coherent motion activates a small population of direction specific 
neurons tuned to that orientation, whereas random visual motion activates a large popula-
tion of direction specific neurons tuned to a range of orientations (Braddick et al. 2002; Lam 
et al. 2000).   
Previous studies support that an optimal sensory stimuli (preferred stimulus) generate an 
excitation-inhibition ratio that can be different than the ratio generated by sub-optimal 
stimulus (Anderson et al. 2000, Poo and Isaacson, 2009). Due to our results it is not easy to 
determinate which optimal vs. suboptimal stimulus is?  We can assume that the excitation-
inhibition ratio is always changings. In addition, due to are result we can assume that the E/I 
ratio is bigger that one (E/I ≥ 1) in low TMs intensity in low coherent condition and E/I ≤ 1 in 
high TMS intensity. Random dots kinematogram (RDK) visual stimulus is used many TMS 
studies.  We can argue that the E/I ratio of the neural activity in the visual cortex significant-
ly modulated by the visual adaptation. In addition, many other factors such the pre-stimulus 
brain state plays important role in the modulation of the neural activity.  In our study using 
the same TMS intensity, either high or low, for each experimental condition of the visual ad-
aptation, the level of the pre-stimulus brain status is controlled as such as possible.  
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In the present study differences between rightwards vs leftwards visual motion have not 
recorded. 
This might be explained by the fact that the visual adaptation stimulus was presented im-
mediately after the ‘baseline’ threshold (PλB). It has been reported that when the TMS is ap-
plied 13-53 msec before the visual stimulus then the predictability of the visual motion is 
abolished (Vetter et al. 2013).  
In conclusion, the RDK visual motion adaptation was observed to differentially modulate 
cortical excitability in V1 & V5/MT, only at baseline TMS phosphene threshold 0.5. Conse-
quently the phosphene thresholds tested, Pphos = 0.5 may be optimal as it avoids saturation 
or ceiling effects that may be induced at higher phosphene thresholds.  
The visual system consists of multiple functionally specialised cortical areas which interact 
through reciprocal connections. The functional interactions between visual-vestibular path-
ways have been tested by many researchers (Guzman-Lopez et al. 2011c; Seemungal et al. 
2013).  It is well established that the posterior parietal cortex (PPC) plays a prominent role in 
processing visual and proprioceptive information for motor control (Reichenbach et al. 
2011; Reichenbach et al. 2014). However potential pathways between visual-motor areas 
are not investigated in the present study. Further studies are needed.  The neurophysiologi-
cal connections between visual areas and motor cortex using need further investigation.  In 
addition the small sample size is a limitation for the present study. 
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Chapter 7 
Final Discussion & Summary 
 
Given that the vestibular and visual systems are located in the head, head stability is essen-
tial for head and body orientation in space and so it plays a significant role in humans’ func-
tional interaction with the environment. Neck muscle motor-neurones are innervated by 
both vestibular and proprioceptive afferents which stabilise the head either on the trunk or 
in space. Since the majority of body manoeuvres activate both systems simultaneously it is 
difficult to differentiate their respective properties – this is a limitation of most previous 
studies in this field. 
In this thesis the functional sensory motor control of the SCM is investigated. Furthermore, 
this thesis tried to isolate a neck stretch reflex from the SCM muscle and to explore poten-
tial neural pathways between SCM and visual vestibular system.  
The physiological mechanisms which underlie head stability were tested in healthy subjects 
and in patients with bilateral vestibular failure. A novel technique was developed in order to 
evoke a neck stretch reflex in the SCM without concurrent vestibular activation. For the first 
time a neck stretch reflex evoked in SCM muscle by tapping the tendon of the sterno-
mastoid muscle is reported. In addition, other sensory neural pathways that might be in-
volved in head stability have been tested using different sensory stimuli (vestibular and vis-
ual) and different head movements.  So far the study of neck muscle activity in response to 
head movement has largely been investigated using mechanical head perturbation; this in-
evitably results in vestibular activation (Aoki et al. 2000; Forbes et al. 2013; Ito et al. 1995; 
Kuramochi et al. 2004). The resulting responses are therefore product of the interaction be-
tween a numbers of neural pathways.  
7.1 Neck Stretch Reflex 
Chapter 3 describes a new head-fixed paradigm allowed isolation of a neck stretch reflex in 
healthy subjects and in patients with bilateral vestibular failure.  
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Applying tendon taps to the left part of the sternocleidomastoid using a fixed-head para-
digm evoked long loop responses at longer latency (~30 msec) in both healthy subjects and 
in BVF patients. Such latencies would suggest long-loop transcortical pathways are involved. 
The latencies of tendon tap responses at 30ms were longer than one might expect for a typ-
ical axial muscle tendon reflex (by comparison the trapezius reflex is 11-12ms; (Alexander et 
al. 2007).  It could be argued that much stronger neck taps may have elicited shorter latency 
EMG responses; however pilot work failed to do so.  Hence it could be postulated that the 
long latencies found represent the shortest functional response, which may be mediated by 
long latency polysynaptic pathways.  Partly this network may depend on the reticular for-
mation, normally operating with longer, polysynaptic latencies.  However, in addition, it has 
been proven that the cortex is activated during neck proprioceptive stimuli (Cutfield et al. 
2014), such as neck vibration that is known to elicit brainstem-mediated responses like ocu-
lar nystagmus (Popov et al. 1999).  Hence, I would postulate that the longer than expected 
latency found for the neck stretch reflex reported in this thesis can be explained by the in-
volvement of long loop reflex mechanisms. 
The magnitudes of the responses to tendon tapping were considerably reduced in patients 
with BVF in comparison with normal subjects. This reduction is not attributable to loss of a 
late component of the vestibular response because the VEMP has much shorter latency and 
is over by 30 msec. This probably suggests that loss of the vestibular pathways input has re-
sulted in the loss of a facilitatory input to neck motorneurones.  Although we cannot pro-
vide evidence as to any functional implication of the reduction in neck stretch reflexes after 
vestibular loss, previous modelling research suggested that increased neck reflexes (CCR) or 
reduced VCR might upset the delicate balance between these two largely opposing reflexes 
and lead to head oscillations(Peterson et al. 2001).  Hence the reduction in neck stretch re-
sponses reported in this thesis may play a useful functional role in preventing unwanted 
head oscillations during head-trunk motion stimuli. 
The contralateral responses observed in both healthy and BVF subjects suggest that there is 
a crossed reflex in neck muscles. This finding agrees with the prominent postural role played 
by the SCM muscle, particularly stabilizing the head during body motion. During pitch mo-
tion the left and right SCM muscles are co-activated and such action would be facilitated by 
crossed neck stretch reflexes.  It seems that SCM muscles behave similarly to other axial 
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postural muscles given reports of crossed reflexes in trapezius (Alexander and Harrison, 
2002), abdominal (Beith and Harrison 2004) and paraspinal muscles (Beith 2012).However, 
applying tendon taps short latency monosynaptic responses were not recorded.  This could 
be due to head position (experimental set up) or due to the isometric neck flexion (pitch 
plane). As previously reported following voluntary head movements the vestibular system 
may be down regulated but other CNS regions, perhaps involved in efference copy mecha-
nisms, are activated (Cullen and Roy 2004). However, in the experimental conditions we 
employed (direct tendon tapping) one cannot attribute reflex latencies of 30ms to mechani-
cal delay. An alternative explanation for long latencies of stretch reflexes in SCM is that they 
are delayed by spinal pre-processing or are ‘long-loop’, being mediated by brainstem or 
even cortical routes as discussed immediately above. On the other hand, applying forehead 
skull taps induced vestibular-mediated responses (at ~15-19 msec) in healthy subjects only. 
The absence of these responses following forehead skull taps in patients with bilateral ves-
tibular failure confirms their vestibular nature. Furthermore, in healthy subjects and pa-
tients, responses at longer latency (30 msec) were recorded under relaxed position. In con-
trast to this, it is well established that the vestibular responses (VEMP) cannot be evoked in 
a relaxed muscle (Colebatch et al. 1994; Forbes et al. 2014). In addition the isometric neck 
flexion activates proprioceptive inputs from muscle SCM spindles that could in turn alter the 
signal processing at the level of vestibular nuclei that other sensory inputs probably visual-
motor signals are responsible for our responses. In addition, in daily life multi-sensory and 
motor pathways such as (visual, vestibular and somatosensory) are involved for the func-
tional head-neck control.  Therefore we can assume that signals of visual cortex, vestibular 
cortical areas, cerebellum and somatosensory area are integrated within the CNS (probably 
at the level of basal ganglia that is responsible for the motor planning) then through the mo-
tor cortex are reaching the SCM.   
In summary, myogenic stretch reflexes can be elicited in the SCM by neck muscle tapping.  
These reflexes are bilateral at latencies of 32ms suggesting a long loop reflex but the precise 
pathways involved in this long latency reflex are yet to be elucidated. The reduced ampli-
tude of this tendon tap reflex in subjects with BVF loss suggests that a consequence of re-
duced vestibular function is loss of a facilitatory input to neck motorneurones. 
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7.2 Effects of cold caloric irrigation on neck stretch reflexes 
 
As previously mentioned applying tendon tap on the left SM the spinal short latency mon-
osynaptic component of the SCM muscle was not recorded.  As previously discussed, the 
relatively long latencies found would suggest long loop responses that served by sub- and 
transcortical loops (Day et al. 1991; Evarts 1973; Evarts and Tanji 1976; Marsden et al. 1977; 
Palmer and Ashby 1992).  Thus the role of the motor cortex in long latency responses needs 
to be explored. In chapter 4 the neck stretch responses were investigated using non-
physiological vestibular caloric stimulation. In this chapter the functional interaction be-
tween vestibular signals by the horizontal semi-circular canals and the neck stretch respons-
es have been discussed. Given that caloric irrigation mostly stimulates the horizontal semi-
circular canals, a spinning sensation of head and body in yaw plane is induced. The main 
findings was that the physiological characteristics (latency, size, duration) of the SCM neck 
stretch reflex EMG responses of left SCM are not influenced by the caloric vestibular stimu-
lation applied to the right ear.  
In contrast, a previous TMS study showed that the cortico-spinal excitability of the SCM 
muscle is increased after cold caloric irrigation (Guzman-Lopez et al. 2011a). We can assume 
that there should be a cortical process within the central nervous system which can “decide’’ 
either to stabilise the head in space (canals) or on the trunk (strech reflex). The experimental 
set-up of the study in Chapter 3, with the head rigidly clamped, strongly favoured head sta-
bilisation on the shoulders and not in space then the canal input may have been down-
regulated or switched off.  
However previous animal studies have been shown that the SCM muscle receives inhibitory 
potentials from the ipsilateral canals and excitatory potentials from the contralateral canals 
(Uchino et al. 1990; Uchino and Kushiro 2011).Hence, it was expected that activating the 
contralateral vestibular pathways via right ear caloric irrigation would result in larger re-
sponses in the SCM. However  it has been shown that neurons of semicircular canals re-
spond more to roll than pitch head movements (Kasper et al. 1988). During the majority 
of moderate daily activities the head is largely, but not entirely, stabilised in space. Frequent 
small movements occur to realign the head with the trunk, perhaps if displacement with re-
134 
 
spect to the shoulders exceeds desirable limits.   Since vestibular reflexes to stabilise the 
head in space are antagonistic to neck stretch reflexes acting to align the head with the 
trunk there would be little advantage in co-activation of these reflexes; instead they must 
alternate according to current tactical demands for movement. Such alternation is under 
cortical control, one can decide to keep the head aligned with the trunk, but also switched 
by involuntary mechanisms. A likely candidate is proprioceptive signals of displacement, or 
velocity of displacement, of the head with respect to the trunk. Such signals could be used 
to switch from vestibular to stretch reflex modes of control if the head exceeds some pre-
set thresholds for the degree of head on trunk alignment to be maintained for the ongoing 
behavioural tactic.    
 
It would be unwise, however, to generalize our results. Limitations due to our experimental 
constrains have to be taken under consideration. Applying caloric irrigation, the illusion of 
yaw head movements, or even real head movements in yaw can be induced and yet our sub-
jects were strongly instructed to maintain the head fixed and isometric neck flexion on both 
experimental conditions (with and without caloric irrigation). Thus there is contradictory 
‘message’ created regarding head movements and, as a consequence central vestibulo-
cervical pathways may be inhibited and other CNS areas may take over. In order to find out 
which pathway is activated future studies in patients with unilateral vestibular lesion need 
to be addressed.  
 
In summary, long latency stretch responses were recorded with and without caloric irriga-
tion. These findings are consistent with long latency responses that are most likely to be or-
ganised at cortical level and not at a local loop between muscle spindles and motor cortex. 
Previous TMS studies over the motor cortex found that the MEPs size of the SCM contrala-
teral of the irrigated ear is significantly increased (Guzman-Lopez et al. 2011a), consistent 
with the direction of the putative head turn.  Taken these data together we can assume that 
these responses are not organised in the motor cortex but higher cortical areas are involved, 
presumably taken into consideration context and voluntary instructions to the subjects 
(“keep your head still”). Thus, presumably a higher order functional integration of visual, 
visual-vestibular signals and signals from the cerebellum are playing a significant role for 
head-neck control. 
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7.3 The effect of Visual motion in corticospinal and vestibulospinal excitability  
Visual inputs play a major role for head stability and orientation. In addition the functional 
integration of visual vestibular sensory inputs is essential for perception of the head position 
(Goldberg 2012). The contribution of each sensory modality in head or body postural control 
depends on the task that is going to take place and environment. In Chapter 5 the effects of 
optokinetic visual stimuli (rotating disc) on visual-corticospinal and vestibulo- spinal excita-
bility was investigated. 
It is well known that applying visual stimulation visual areas are activated. A recent fMRI 
study has been shown that both visual areas VI (primary visual cortex) and V5/MT (visual 
motion area) are activated following visual motion stimulation (Cutfield et al. 2014).  
In the first experiment I attempted to modulate cortico- spinal excitability of the SM muscle 
by visual motion stimulation. Specifically, during the visual stimulus delivered by the rotat-
ing disc MEPs amplitudes were significantly decreased compared with the stationary disc. 
Changes on the MEPs size occurred but, perhaps surprisingly, they were irrespective of visu-
al stimulus direction (CW or CWW). We can assume that during exposure to disorienting 
visual stimuli, visual signals may not be effectively dealt with by the visual cortex and some 
kind of ‘shut down’ or generalised inhibition may develop. Thus these visual sensory inputs 
cannot effectively process in the motor cortex so the visual-corico-spinal loops are down-
regulated in a disorienting visually rotating environment.  Consequently the brain needs to 
find more reliable sensory sources in order to maintain head-neck postural stability.  
Using the same visual stimulus the vestibulo-spinal loop was tested via acoustic cVEMps.  In 
contrast, now the size of the cVEMPs responses significantly increased during the rotating 
disc. As previously reported these changes were regardless to the direction that disc rotated 
(CW or CCW). Results from the cVEMP study indicate that the vestibulo-spinal reflexes are 
enhanced during optokinetic stimulus. The data from the second experiment indicates that 
the excitability of the vestibulo-spinal loop is enhanced when a disoriented visual stimulus 
(rotating) is applied. When unviable visual cues are provided the CNS is “listening” for sig-
nals from more reliable sensory systems such as the inertially-based vestibular system. In 
the present paradigm the vestibulo-spinal (VCR) loop takes “more weight” for head control.   
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The sensory re-weighting is a process in which the CNS has re-calibrates sensory inputs and 
adjusts the sensory contribution of each sensory modality for postural control (Assländer 
and Peterka 2014). In summary it appears that when the visual-motor cortical loop is sup-
pressed the visual vestibulo-spinal loop via the brain stem is up-regulated for head postural 
control.  Indeed, visual-vestibular antagonistic or cross-inhibitory responses between the 
visual and vestibular system have been observed during fMRI studies (Brandt et al. 1998).  
Consequently, the functional integration between visual areas, brainstem and motor cortex 
is essential for head motor control.  
7.4 The effect of visual motion adaption on visual cortical excitability 
In the context of the results discussed immediately above I sought to better understand 
how visual motion stimuli modulate cortical excitability.  The study is of general relevance to 
the previous experiments because it is established that V5 is involved in the control of visu-
ally- modulated movement (Schenk et al. 2005).  The aim of this study was to better under-
stand the how the excitability of visual areas (V1 and V5/MT) is changed by applying random 
dot visual stimulus in different TMS thresholds. Previous study has shown that the excitabil-
ity of the V5/MT is increased after random dots kinetograms (RDK) (Guzman-Lopez et al. 
2011b), as measured with TMS induced phosphenes.  
At the threshold TMS level (TMS 0.5) the visual cortical excitability of both visual areas V1 
and V5/MT is increased after random dots visual motion. In addition at high TMS intensity 
(0.7 and 0.9) had inhibitory effect during all visual adaptation conditions (coher-
ent/incoherent) in both visual areas. However, it is unclear if these inhibitory effects are due 
to ceiling effects that might be induced at higher TMS threshold. 
The similar changes in phosphene probability in V5 and V1, across different baseline TMS 
threshold levels, which observed in the current study, suggest that there is a shared neu-
ronal circuitry between V5/MT and V1. However it seems that the two brain areas responds 
differently in the visual motion. Specifically the V5/MT visual area is responded more in less 
coherent visual motion than in coherent visual motion. On the other hand the V1 visual area 
responds a bit better in coherent visual motion than less coherent visual motion.  
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In summary, following RDK visual stimulation the phosphene threshold decreased in both 
visual areas so the cortical excitability is increased. Phosphene threshold Pphos = 0.5 may be 
an optimal threshold in order to detect changes in visual cortex as it avoids saturation or 
ceiling effects.  Studies assessing motor responses during visual motion stimulation may 
have to take these findings into account. 
 
7.5 Limitations  
 
The head-neck sensory motor organization of the head-neck system needs fur-ther investi-
gation. fMRI study using specific vestibular stimulation and visual stimulation could be used 
in order to identify i) if the EMG responses that recorded by the SCM are cortical and ii) 
functional interaction between visual and vestibular loops on head-neck control.  The exper-
imental set up needs to be updated.     
7.6 Clinical Implications 
Using a novel fixed-head paradigm a neck stretch reflex from SCM evoked via tendon taps. 
When the head is restrained the activity of vestibular system is minimised. Therefore a dif-
ferentiation between vestibular and neck muscles reflexes is allowed.  Tapping the tendon 
of the left SM long latency responses were recorded in healthy participants and in patients 
without bilateral loss ( ̴30 msec). However, vestibulo-spinal responses (VCR) responses, elic-
ited via the skull taps (cVEMPs), observed only in healthy subjects (  1̴5 msec)  and not in pa-
tients. These results indicate that the tendon tap responses are not induced by vestibular 
activation but from muscle stretch. The weaker stretch reflexes in patients suggest that 
probably these reflexes are under vestibular modulation. Due to the results of the present 
study it appears that projections of the vestibular afferents have a facilitatory effect on the 
neck muscle (SM) responses. Perhaps the sensory afferents to the SCM muscle are via the 
vestibular afferents or by sensory afferents from the cervical plexus. The long latencies re-
sponses that recorded via the tendon taps suggest a long cortical loop reflex.  
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The neck stretch responses are not modulated by the vestibular caloric stimulation, which 
indicates that different neural pathways are activated.  The long loop stretch reflex pathway 
appears distinct from the vestibulo-spinal loop.  
One the other hand has been shown that the corticospinal excitability of the SCM is signifi-
cantly reduced applying visual optokinetic stimulation. Something, which proves that visual 
system, is very important for head control. In addition in healthy subjects have been shown 
that the visual-cortical mechanisms are down-regulated the vestibulospinal mechanisms are 
activated in order to take over the head control. The functional integration of neck soma-
tosensory inputs, vestibular and visual sensory inputs is a vital for head-neck control and 
this processes takes place within the CNS.  The finding that some of the mechanisms con-
trolling neck movement and posture are mediated by long loop mechanisms may be clinical-
ly important, in that there is likely to be more possibility to retrain such responses than if 
they were just mediated by stereotyped, short latency reflexes.  
Greater understanding of head control mechanisms is vital for patients with vestibular le-
sions, torticollis or stroke patients.  This has implications for studying patients in whom ves-
tibular function is lost and head/neck co-ordination is impaired. How is this functional inte-
gration disrupted in patients with vestibular lesions? How the brain is re-organised after 
acute and chronic vestibular lesion, what kind of “plastic” changes take place in the human 
cortex?  
7.7 Future Studies  
Further investigations about the nature of neck stretch reflexes and the sensory-motor  
pathways that involved in head neck control in other neurological patients such as  stroke or 
patients with dystonia needs to be explored .  
After stoke a large brain area of the sensory motor cortex can be damage and this leads to 
deficits in sensory and motor function in the contralateral body segments. Motor deficits 
resulting from stroke patients have been studied more extensively than other neurological 
conditions. These lesions are more focal than other brain lesions such as traumatic brain in-
jury. That makes them more amenable to indentify the lesioned pathways and to under-
stand sensory motor impairments. Thus the somatosensory and motor connectivity follow-
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ing primary motor cortical lesion will be explored, in particular studying neck stretch reflex-
es and see if they are under inhibitory or excitatory control; e.g. will neck responses be di-
minished or enhanced after focal cortical lesions.  This is particularly relevant to the ques-
tion of spasticity as one would expect such patients to show enhanced neck tapping re-
sponses. 
It would be be very interesting to investigate which is the role of basal ganglia in head-neck 
control. Basal ganglia are responsible for the motor planning and control of muscle tone. 
Basal ganglia receive inputs from many sensory areas such as visual, vestibular and cerebel-
lum, the motor planning is organized within basal ganglia and then they sent the output to 
the motor cortex. The role of other brain pathways such as basal ganglia in head neck con-
trol can be investigated in patients with torticollis.  Finding increased neck stretch reflexes in 
the torticollis population would add weight to the hypothesis that, in at least some patients, 
the disease is the result of disinhibited low level vestibular and proprioceptive reflexes con-
trolling neck motion (Munchau and Bronstein 2001).  
In addition hypertonicity is presented in both stroke patients (spasticity) and torticolis (dys-
tonia). Hypertonicity is defined as “'a motor disorder characterized by a velocity-dependent 
increase in tonic stretch reflexes ('muscle tone') with exaggerated tendon jerks, resulting 
from hyperexcitability of the stretch reflex, as one component of the upper motor neuron 
syndrome” (Lance 1980).    
As it mention earlier the sternocleidomastoid is represented bilaterally in the cortex 
(Thompson et al. 1997a). If a lesion were to present, its effect in the form of paresis maybe 
seen ipsilaterally or contralaterally. The side of presenting with paresis would be dependent 
on the degree of ipsilateral and contralateral representation. In addition would be interest-
ing to investigate whether tendon tap responses of the SCM are behaving like other conven-
tional stretch reflexes in stroke patients. How hyperpetonicity affects these responses? 
In addition further studies combining visual (rotating disc) and vestibular stimulation in pa-
tients with vestibular disorders (in acute and in chronic stage) will provide further evidence 
about the functional integration of the sensory inputs at the cortical level. In addition fur-
ther clarification of the underlying mechanisms responsible for the alteration in cortical ex-
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citability (using paired pulse TMS) in healthy subjects and in patients with vestibular disor-
ders is needed.    
In order to improve therapeutics approaches the physiotherapist needs to know where the 
lesion is and what symptoms can be induced. With this information, it might be possible to 
develop functional therapeutic approaches that include goal-oriented balance exercises and 
improving neck movement control. The functional rehabilitation for patients with neurologi-
cal conditions is very complex and challenging.  Traditional physiotherapeutic approaches 
such as Bobath, Brunstrom and proprioceptive neuromuscular (PNF) are losing importance 
although they do contain very important elements that can be used during neurological re-
habilitation. However recent evidence based has shown that “motor control’’ approach has 
taken advantage about motor learning, functional rehabilitation, motor re-organization, 
brain plasticity (Homberg 2013). It has been shown that motor recover and functional per-
formance in daily life activities is significantly improved after repetitive task oriented exer-
cises in neurological patients. 
 Therefore, probably vibration/tapping of the neck muscles in poorly functioning vestibular 
patients following task oriented movement could be used in order to increase the gain of 
the spinal reflex and improve head stability. So far visual motion stimulation, such as rotat-
ing disc  is widely used in vestibular rehabilitation (Pavlou 2010). Probably this kind of visual 
stimulation could be used in order to improve head-neck stability in patients with vestibular 
deficits or other neurological condition.  
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 Appendix 1: Supplementary Data 
Chapter 3: Neck stretch Reflexes 
  
The length of the left sterno-mastoid muscle was similar in healthy and in patients  
 
 
Appendix 1-Figure 43 : Length of the LSM in healthy and patiets with bilateral vestibular loss 
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 Appendix 1-Table 1: Aetiology and severity of bilateral vestibular failure in the patients 
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B. EMG recordings of the control experiment   (Chapter 3, page 342) 
 
 
 
Appendix 1-Figure 44: Representative left SM EMG traces (top) and head acceleration (bottom) following tapping of the 
sternum. 
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Appendix 2 
 
Chapter 4: Effect of cold caloric irrigation on neck stretch reflexes 
 
 
Appendix 2-Figure 1:  Mean (±SEM) area of the responses in healthy subjects of left SM tendon in without caloric stimula-
tion (blue bar) and with right ear caloric stimulation (hot caloric: red bar, cold caloric: green bar). 
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Appendix 2- Figure 2: Slow Phase Velocity (SPV) analysis & recordings of the right beating nystagmus following right ear 
caloric stimulation. 
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Appendix 3 
 
 
Control Experiment Chapter 5: Experiment 1 (page 86) 
 
 
 
 
Appendix 3- Figure 1: Three set of 10 TMS pulses applied over the right hemisphere without visual stimulation (TMS) 
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